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PREFACE 

This i;3 a report of the work performed under Project/Task Area/ 
Work Unit 13680101 "Elevated Temperatur   Structural Concepts'* in the 
Design Feasibility Group, Advanced Structures Branch,  Structures Division, 
Flight Dynamics Laboratory.    The woi:k period covers investigations 
conducted in-house from September 1969 to June  1973.    The manuscript of 
this report was released by the author for publication as e. FBS Technical 
Memo. 

<^KEITH I.  COLLIER 
/     Chief, Advanced Structures Branch 

Structures Division 
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ABSTRACT 

In support of their eventual AF development and use, an analytical 
investigation of the relative structural efficiency of radiative, coated 
and uncoated metallic heat shields for long life operation was conducted. 
The parameters required to establish qualitative performance character- 
istics for design of reusable heat shields were determined. An optimum 
weight addiction method was proposed based on the criterion of allowable 
aero-limit deflection as a direct effect of cyclic creep elongation of the 
material. 

Requirements at various temperature exposures were checked against 
the potential of existing different high temperature alloys on both a 
strength-to-vreight and stiffness-to-weight competitive basis. The feasi- 
bility of the mathematical model developed for creep deflection evaluation 
of different heat shield configurations was partly proven by comparing 
estimated results and puVlished test data of structural performance. 
Some existing design capabilities weie found inadequate or incomplete, 
as previous estimated TPS unit weights vary up to 100%, 

This is a unique analysis model and a great step towards consideration 
of all the important heat shield de&ign parameters within une method for 
performance rating of existing and future necessary designs. 
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Nomenclature 

c,  c«?) 

const.,  const. 

CT  C2'  c3 

El   [#-in2] 

F(S), F0, F0 

f.fplastic >  ^elastic     tln] 

g  [in.] 

I   [in4] 

L (or 1)   [ft] 

M   [#-in] 

PiPsurface   [Psi'   Psfl 

S   [#/ft] 

T'   * surface    L *J 

t   [in] 

w»  "total  [#/sqft] 

x,y   [in.] 

e 

Etotal 

60   [in-1] 

£ |#sec2/in4] 

6" [ksi ,psi] 

creep strain of outer fiber 

constants oi stress function 
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function of stress 

mid span deflection 

gage thickness 
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panel pressure 

averaged support weight 

temperature 

panel thickness 

unit weight of square channel section 

cross sectional coordinates 
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mass density of material 

stress level at outer fiber 
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I  Introduction 

Inci-eased operational speeds, essential for superior military aero- 
space vehicles, cause aerodynamic heating of the airframe.  This phenomenon 
is usually explained in a way, that the velocity of the air flowing around 
the vehicle is reduced to zero at the vehicle surface, and the kinetic 
energy of the air stream which enters the boundary layer must appear as 
beat. Temperatures, T, are the adiabatic wall temperature, T , or the stag- 
nation temperature, Ts, depending on the type of recovery factor, R [Eq.l, 
Tab. ll. 

; M^,)  (°R) [Eqa] 

T = T    = adiabatic wall   temperature   for 

Prandtl   recovery  factor,   R -   .864 

T = Ts =  stagnation  temp,   for R = 1. 

Too= ambient air temp. 

(395 °R at   75,000  ft,  435 °R at.   120,000  ft) 

$=  1.4 

Moo= Mach number 

Local aerodynamic pressure acting on the surface of the vehicle 
is a fraction of the free stream dynamic pressure, 

surface       o       IJ<»  "*» • i. *»  j 

The typical operation of a vehicle at hypersonic atmospheric 
flight consists of (1) high altitude, 100,000 to 250,000 ft, temperature 
critical flight condition at speeds of 10,000 to 30,000 ft/sec with mod- 
erate dynamic pressures of below 1 tsi (144 psf). Temperatures generated 
adversely influence the load carrying capability of the airframes involved. 
Shielding the structure is feasible thru different thermal protection sys- 
tems (IPS).  (2) The flight condition at lower altitudes and velocities 
experiences pressures of several psi at moderate temperatures. 

1. Objective 

In support of their eventual AF development and use, this work effort 
is (1) to conduct an analytical investigation of the relative structural 
efficiency of radiative metallic heat shields for long life operation, (2) 
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<■• ' ,:vje  the feasibility of the mathematical model developed for creep de- 
le.-1 ion evaluation of different heat shield configurations by comparing 

-?s tinted results and actual test data of related efforts to optimize for 
.RiniPua weight, and (3) to determine beneficial applications of existing 
.rut.".rials to suit environmental conditions. 

2.  history, Economical Importance 
f 

v literature search in 1969 [2] revealed that ablative, one-flight heat 
bhio:d technology using fiber reinforced organic materials was fairly well 
ttiv.jj.eped, while limited information only was available on metallic reusable, 
s.cacLurally stable surface panels to meet 800 thru 1600°F thermal require- 
ments of atmospheric flight conditions.  Elongation due to creep of these 
LjduU ve heat shields proved to override other strength requirements [3] . 
TodAV, a major technical goal for NASA still is the development of heat 
: ■: :is reusable for one hundred shuttle orbiter and space plane re-entry 

cycl03 [4].  The ecomomic importance of thi3 becomes evident [5] upon con- 
sia./ing pound reduction/increase in dry weight directly related to unit 
weight change in the thermal protection system (TPS) on the wetted area. 
Tnis «.'eight reduction/increase is totally equivalent to gained/lost pay 
lead, that can be of the order of 10,000# for an orbiter of 20,000 ft2 

w-2trs»a area experiencinc a .5///ft? change in TPS. 

Some ground rules were selected as TPS design criteria in 1967 [6] • 
Materials were projected to be of the 1970 state-of-the-art. External 
hear, shield structures were planned to have a reuse life of five (5) 
cycles or greater, except where conditions warrant otherwise. The panels 
designed for ease of replacement, had to be capable of transferring 
external normal pressure loading into the primary shell structure. Cri- 
tics! loads were discovered to occur at room temperature during ground 
handling operations of the shuttle. Weight savings were found to depend 
primarily on minimum gage fabrication capability of .005" or less. These 
thiii cages are feasible due to the very low loads experienced during high 
altitude flight. The limit design static analysis employed a safety factor 
of 1.4 tc .2% of yield off-set.  This type of approach taken due to lack 
cf confidence in the analytical method over many years, usually worked 
satisfactory in conventional aircraft design. Creep investigations 
were not extensively performed by the originators of these criteria to 
find that plastic deformation dominates the TPS design. 

Several design studies for shuttle vehicles exist.  There are typical 
requirements for long range and short cross range missions (7), both laid 
out for a hundred flights. Design loads are presented in realistic time- 
temperature, time-pressure profiles for representative locations at the 
external vehicle surfaces, with higher temperatures and pressures usually 
occuring during the longer missions. 



3.  Design Philosophy 

An optimized panel can be expected to experience in the most critical 
descent phase critical strength or critical deflection conditions at one 
tine at least, or the conditions at two different instances. Therefore, 
the panel should be designed for strength and sciffness, what would be an 
adequate design philosophy without the thermal creep phenomenon [7] .  "Light 
weight" TPS design, however, necessitates careful observation of the detri- 
mental plastic a'  in relationship with elevated temperature, exponential in 
nature, dominating over elastic stiffness behavior.  Long time cycling of 
load and temperature, as a matter of fact, has been found to deteriorate 
somo. cuperalloys such that the creep rate is up to 10 times greater [s] 
than continuous constant conditions [Fig. l]. Severe changes in tempera- 
ture and stress will affect composition or phase in a material, which may 
differ in inner and outer layers, and thereby induce stresses causing 
accelerated creep. Only original cyclic re-use data should be used for 
design purposes. Conversion of existing steady-state da.a by some means 
of correction factor is of questionable validity. 

II  Design Criteria 

Heat shield design criteria are to be established based on realistic 
test data to size the panel structure for both strength and elastic/plastic 
deflection requirements. 

Temperature-pressure combinations considered a.e those occuring in 
the operational flight iregime of hypersonic flight and re-entry [Fig. 2). 
These combinations for t'r.e critical locations of a typical shuttle vehicle, 
160' long, initially at an atmospheric altitude of 400,000 ft,have been 
described [7] over a period of 3600 sec. The data indicate that tempera- 
ture increases within 250 sec. to 1950 d »g F at the most critical station 
during the long cross range reentry. Temperatures are in the range of 
1,020 and 1,950 deg F at the bottom centcrline for 2,550 sec. Pressures 
will occur not higher than .35 psi for both long and short range reentry 
conditions. Maximum temperature for short range reentry is 1,530 deg F 
only after 300 sec. NASA space shuttle orbiter heat shields [A] have to 
withstand 3 psi air pressure during boc-nt at which time panels are at 
70°F.  During reentry, maximum pressure across the panels is .2 psi or 
about 1%  of R.T, load.Pressures are of high magnitude for modulated re- 
entry flight, of importance for AF vehiciss operating in these flight 
regimes, at accelerated and presumably higher aerodynamic loads. 

Panel deflection results in turbulent flow and excessive heating 
fa).  NAR reported maximum deflections on their heat shields to occur due 
to thermal gradients in the first 5 minutes of re-entry.  Overheating of 
panels with surface waviness in hypersonic flovi has hern demonstrated [b] 
to be the principle reason of different heat shield failures, such as 
sudden oxidation, burn-up, or a mixture thereof. Quesi-static panel creep 
due to one cycle or more of bending, caused by the transverse air pressure, 
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accumulates permanent surface defonr.ation.  Therefore, a dominating desigr. 
criterion is that hect shields .iiaintain their shape -.;i*:hin tolerable limits. 

The surface wa«iness investigation [6] for the critical heating con- 
dition on a low L/D lifting body indicates allowable deflections of .25 
to .5 in. before heating rates significantly higher than those of an unde- 
tected surface occur. Aerodynamic cleanliness at aftward locations was 
found less critical.  These results are similar for all lifting spacecrafts. 
In addition, height-over-thermal boundary layer thickness ha& been investi- 
gated, including laminar and turbulent flow at small angles of attack as 
a function of the undisturbed heating rate, in order to minimize aerodynamic 
drag due to sine wave protrusion.  The increase in heating was found not 
to be strongly dependent on panel length for the range of test data shown. 

The permissible total TPS panel deflection used in this study is at a 
critical forward location, expressed as one tenth of an inch plus on» hun- 
dredth of the unsupported panel length in the direction of the air stream. 
Anothp»- version of allowable deflection, two hundredth of panel lengun, 
was accepted for comparison.  These two criteria are identical at a panel 
length of 10. inch. Total deflection is made up of elastic and ple':tic 
deflection. 

A few remaining points of design interest concern the integration of 
the heat shield with intermediate insulation, attachment system or entire 
vehicle. The optimized thin gage hea^ shield structurally interferes with 
the backup insulation and their support to th^. substructure, and is charac- 
terized by different performance characteristics, not only temperature-load 
endurance and minimum weight, but reliability, inspection and refurbishment 
possibility, and the important different elements of cost. Analysis of 
candidate backup-insulations, when considered, should include mechanical 
(acoustic noise) and thermal evaluation. Fastening and joining create 
structural restraining due to thermo-stresses and there is another problem 
[4]: mechanical fasteners for high temperature use are limited to rather 
low stresses due to relaxation under load. A decision, not under the scope 
of this program, concerns a system's oriented optimum panel thickness. 
Thicker heat shields, usually lighter per unit surface, cause extra volume 
of "deau space" and are less advantageous for flight performance. The 
most severe temperature/pressure environment obviously exists at the 
stagnation point of the leading edge, a rounded panel which principally 
behaves like a flat panel accounting for the influence of geometric 
curvature.  Inspection after each flight and replacement, of the individual 
heat shield, which failed too early, could justify substitution of a 
lower factor of safety for that one relayed on in accordance with better 
TPS performance. 

Heat shield technology for NASA aad AF vehicles is somewhat similar. 
Loads on heat shields of advanced military space and shuttle vehicles 
under service and environmental conditions would be more severe than those 
for NASA vehicles.  The greater number of flights for AF vehicles may be 
a more severe mission requirement. 
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1. Ground Rules 

Hot radiative metallic heat shield concept [/ig. 3] is one of four 
different approaches under study to various degrees by NASA and potential 
contractors.  The ethers are:  hot structures, ceramic insulative heat 
shields, and ablative heat shields [4]. 

In the concept of hot structured, the entire heat load and structural 
load is taken by the structure itself.  A pioneering example is the AF 
hypersonic glide re-entry vehicle, ASSET, built of heavy super- and refrac- 
tory materials by McDonnell and flight tested in 1963. Moderately hot 
structures are the supersonic airplanes flying, built of aluminum and 
titanium. 

The radiative metallic heat shield takes no primary structural loads, 
but sees aerodynamic pressure loads and transmits these to the structure [4], 
Critical areas are associated with (a) high temperature material behavior 
including creep elongation causing excessive deflection anc rate of oxida- 
tion, (b) performances relative to thermal expansion buckling and flutter, 
(c) minimum gage handling and fastening fabricaMlity, and (d) maintenance 
inspection and field repair. 

Materials for htat shield application have to be metallurgically 
stable and strong enough to carry all the loads of the thermal environ- 
ment.  Desirable properties are high strengths, high elastic moduli, 
low creep values, and small densities. The following basic problems are 
common in all heated structures. Strength and stiffness of structural 
materials due to the load-temperature environment decrease and creep 
action takes place through the load-temperature-time exposure resulting 
in accumulation of permanent deformation. Use of the materials is usually 
limited to a maximum temperature, roughly half way between room tempera- 
ture and melting point for conventional and much higher for advanced 
metallic systems.  Creep properties are different in longitudinal and 
transverse direction of sheet for most of the engineering metal?, due to 
material processing.  Creep data below ultimate levels of stress ruptjre 
for constant conditions have been identified for beryllium, titanium 
alloys, steel, nickel-and cobalt-base alloys and dispersion strengthened 
metal systems (DSM), and a few refractory metals. These conventional 
steady-state data come mostly from handbooks and literature [9,10]. Less 
frequent cyclic data, accounting for synerglstic effects of both tempera- 
ture and load cycling, more realistic for reusable heat shields, were 
generated under recent NASA space shuttle or SST programs [8,11,12]. 

2. Approach 

Pioneer work [13] in la'32 on a lead beam under a uniform bending moment 
tested at room temperature revealed that (a) plane sections remain plane during 
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creep, (b) redistribution of stresses occurred relatively quickly, and (c) 
creep deformation "  V(3 beam could be calculated from simple creep data. It 
was possible to to    - a similar analysis [15] suiting the experiment on 
a coated tantalum beam with non-uniform bending moment distribution at high 
temperature. Therefore, the heat sh Le id structure was one-dimensionally 
idealized as a beam [Fig. 1] under pure pressure bending with no structural 
or thermal inplane stresses superposed.  This is technically feasible for 
concepts with no longitudional and lateral constraints, such as interferences 
with substructure and insulation. Averaged area loading during the time inter- 
val chosen, from characteristic trajectory profiles at representative body 
stations, are the pressure differential between the outside and inside 
of vehicle and other loads in transverse direction on the panel. Two 
further idealizations were assumed. Shear stresses obtained by the 
standard elastic formula are non-critical, as peak values attained in the 
panel sections are too low to be indicative of design allowables. Tem- 
perature profiles averaged Dver panel area reflect the realistic thermal 
situation of conduction and radiation. Assumption of uniform heating 
eliminates the problems of differential expansion such as thermal buckling. 

More refined creep deflection analysis has been rded in a related 
effort [15] to come up with creep strains taken from creep data according 
to the stress levels at six (or an arbitrary number of) locations, distri- 
buted over half the panel length. This distribution of unit creep strain 
(or curvature), integrated twice with necessary constants of integration 
as determined from boundary conditions, determined the maximum p)astle 
beam deflections. The greater numerical effort of the approach [15] is not 
necessary for this preliminary prediction w^ich is aven more on the conser- 
vative side. 

Ill Method of Analysis 

The method of analysis applied was general, non-system-oriented, and 
used material/structural data applicable to heat shields and realistic 
flight conditions as the variable input. Panel loading was restricted to 
averaged lateral pressures.  Several heating/loading cycles were combined 
to one computational cycle, to summarize the entire time from successive 
flights at constant load and temperature, however, considering the 
detrimental effects of the multi-flight environment. The non-load 
bearing concept with air loads only was used to avoid tie thermal 
expansion problem. Bending of the basic structural beam element was 
analyzed rather than the two-dimensional plate. The method of deter~ 
mining beam deflection from creep data w?s to obtain the strain and 
convert it into an apparent bending moment at each station after 
exposure to temperature and time under operating loads. The variety 
of different heat shield mountings was realized by incorporating the 
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free-free (FF), frec-clai.iped (FC), and clamped-clamped (CC) cases of 
end attachment into the beam equations. 

Other assumptioi j made ^o simplify the analysis are discussed 
below. A cross-sectional bonding moment symmetrical about the plane 
perpendicular to the panel in longitudinal direction was assumed causing 
elastic and plastic deformation to contribute to the total heat shield 
deflection. Stretching was not considered, as the strain at the loca- 
tion of the neutral axis was assumed to remain zero.  Plane cross sections 

beiore bending were assumed to remain plane after bending, and the strain 
at a point in a given cross section varies linearly with its distance 
from the neutral axis. This yields a conservative estimate of creep 
defoliation leading to a si'nolified analysis across the cross section 
and a^ong the beam that considers the special case of linear creep behav- 
ior with strain rate proportional to stress. The stress distribution, 
consequently agrees with the linear elastic case, and the neutral axis 
for creep and elastic deformation both stay the same, as well as the 
fictitious plastic moment of inertia at any place along the beam of con- 
stant cross section equals moment of inertia. Another simplification 
was to interchange the actual creep on the compression side of the heat 
shield, usually not available in data format, for steady-state secondary 
creep at given stress levels in tension. 

Necessary calculations were performed by means of computer routines 
in FORTRAN, based on the analysis method developed.  Evaluated results as 
processed by the CDC 6600 computer system are selectively reported. 

Instead of elaborating at this place on the description of computer 

routines used , the reader familiar with FORTRAN may consult the Appendix. 

1. Design Parameters and Procedures 

There are sixteen (16) important interrelated design parameters, 
consideration of which is essential for effective radiative heat shield 
design.  These are application (temperature, pressure load, aero limit 
deflection), configuration (end fixity, panel depth, bending strength, 
bending stiffness, cross section), material (gage thickness, creep stress 
level, creep rate, modulus of elasticity, material density), and panel 
comparison (weight per unit area, size, life) [Fig. A]. 

Two different design procedures basically containing the inter- 
relationship of these parameters were developed. One procedure was to 
match results from tv algorithms (see section 2) namely "creep index" 
charts ("1") and tabulated material data ("2"). The definition of 
creep index, found to be a practical parameter to use within this pro- 
cedure, is creep (7) divided by height of panel (in.). The second direct 
method developed combines the two separate algorithms of the first procedure, 
and was used for advantages explained in the following section. 
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2. Creep Index Procedure and Results 

Algorithm "1" [Fig. 5] of the creep index procedure, an elastic-plastic 
and material independent deflection criterion, calculates and plot6 zero- 
margin-deflection curves of constant bending strength and constant bending 
stiffness from smallest values applicable in increments of 200%, 500%, 1000% 
etc. to cover a wide range of parametric design interest for panel sizes of 
.5 to 5 feet, and for pressure loads of .5 to 5. psi, at the predetermined 
total maximum deflections of the two deflection allowables previously 
indicated.  For each individual chart, the creep index is a constant, which 
of course is a function of the creep environment. In addition, each of the 
three types of attachments makes a differen'- chart. The range of creep indices, 
technically feasible for heat shields, may vary from .0000025 to .05 

(in"1). Different charts [Figs.6, 7, 8, 9] of algorithm "1" explain the influ- 
ence of creep condition, deflection criterion, and attachment condition as 
design functions. The changes of curves of constant bending moment, 
M (continuous lines), and those of constant stiffness, El (dashed lines), 
shall be discussed for constant creep condition and deflection criterion 
held constant at different attachments [Fig. 6] , for constant creep con- 
dition and attachments at different deflection criteria [Fig. 7] , and 
constant deflection criterion and attachments at different creep conditions 
[Fig. 8] . 

a. The results are lines of constant bending moment (M-curves) 
being fairly insensitive to changes of the two deflection criteria and 
percentages thereof (in [Fig. 7] they proceed from deflection criterion 
"one" into "two"). M-curves stay identical for different creep conditions 
too [Fig. 8]. They move towards larger panel lengths for stifler edge 
conditions [Fig. 6] (see lines M-100). 

b. Lines of constant stiffness (El) move toward larger panel lengths 
for increasing attachment stiffness [Fig. 6] and percentage of deflection 
allowable [Fig. 7], and for decreasing creep indices [Fig. 8], i.e. they 
intersect with the curves of constant bending strength (in fairly fixed 
positions) at larger panel lengths, however, at lower pressure loads. 

c. The most efficient design (not shown in the charts) is under 
clamped-clamped condition at 100% of the second assumption made for allow- 
able deflection, in short notation: CC2-100% [ pgs. 4,7]. 

d. Pressure load vs. panel length (p-1) diagrams, comparable at the 
same type of boundary conditions, are almost identical for small creep 
indices.  In these cases creep does not constitute a major deflection 
problem [Fig. 9]. Charts drastically change at larger creep indices. A 
quasi-elastic example case at the low creep index of .0000025 inch-*, con- 
dition FF-100X, was evaluated and matched with the cvrves [Fig. 9].  In 
other words, for large panel lengths and at small creep indices (low plas- 
ticity), small panel stiffnesses only are required.  Larger stiffnesses are 
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necessary for panels with attachment conditions more flexible, to create 
similar optimum lengths and loading conditions. 

e. A phenomenon was found that could be called "creep barrier" for 
bending stiffnesses, El, approaching very large values, in which case 
maximum panel sizes are reached and contribution of elastic deflection 
to the total allowable deflection is neglegible [Fig. 6, 7, 8}. 

f. The interchangeability of algorithm "1" working charts shall be 
indicated within the same category of attachment condition and type of 
deflection criterion. Higher deflection allowables and creep rates Toge- 
ther balance lower quantities respectively, i.e. charts are interchangeable 
for ratios of creep index-to-percenf.age of deflection being constant. For 
example, the chart of one hundred percent of creep deflection, .1" + .CiL, 
free-free support at a creep index of .0025 (2nd plot of [Fig. 8]) ia 
identical with the chart of fifty percent of that creeo deflection at an 
index of .00125 (in.-1). 

Algorithm "2", a material concepts and assessment routine [Fig. 10], tabu- 
lates cross sectional properties, data of sending strength (M), bending 

stiffness (El) and normalized panel weignt for up to seven (7) different 
panel concepts with geometrical dimensions as the variable input:  beaded, 
hat, sandwich, rib, u-core, vee-coirugation, and zee-stiffened.  Practical 
designs usually fall into those categories. Data listings are in rising 
orders for screening purposes. Specific bending strengths and stiffnesses, 
however,were found to scatter slightly for series of configurations con- 
sidered. 

The selective combination of algorithm "2" with the application fixed 
algorithm "1", as indicated above, complements; the first design proce- 
dure.  Selection of the cross section of required bending strength at 
the highest strength-to-weight ratio possible, along with the required 
bending stiffness at the highest stiffness-to-weight ratio possible 
presents a two-fold optimization problem. Strength and stiffness have 
to be at a distinct ratio for optimal low panel weight at a desired 
condition of panel length and pressure load. Comparing one design with 
the other is obviously rational only for constant temperature and time 
endurance. This led to the exploration of several analysis approaches of 
which (I) creep-index trade-otf at constant weight thru modification of 
stress-level, gage thickness and panel depth, (2) modification of allowable 
total deflection and (3) switch within available material systems princi- 
pally contain the basic features. 

To study a panel of one material system (at constant temperature 
endurance) could be called stress level modification trade-off. An in- 
crease (decrease) of the operating stress level causes higher (lower) 
creep within the cross section. Consider a requirement to optimize a 
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panel for creep indices .0005» .001, .0025, and .005 (in-!), with bending 
moments of 70, 80, 90, and 100 (lb-in) respectively, all at bending stiff- 
ness of 6000 (lb-in ),  These data combinations were actually picked 
from an algorithm "2" material table, all at the same unit weight. With 
the curves of constant bending moment fairly unchanged in the four design 
charts (CC1-100X) of creep indices indicated, the curves of stiffness 
(6000 lb-in ) move to 1.2 ft shorter panels, from the smallest creep index 
to the highest one, however, gaining an allowable, load increase of 2.7 
psi. A curve of constant weight could be drawn in the p-1 plane to con- 
nect the intereections of appropriate strength and stiffness curves 
[Fig. 11] , unbroken and dashed lines respectively. The theoretical upper 
limit on this curve is represented by the bending strength at creep 
rupture, the limit on the other side by the technically achievable highest 
stiffness value at the lowest creep rate possible. This analysis approach 
(1) can be comparatively used in different material systems» approach (3). 

Changes of the allowable deflections, approach (2), of the panel with cross 
sections fixed is justified only under the scope of vehicle performance 
evaluation. Change to a deflection allowable smaller (greater) than ori- 
ginally assumed, causes panel lengths to decrease (increase) and load 
carrying capability to go up (down). 

Analysis approaches (1 thru 3) presented so far may be seen as point 
designs, because of no effort undertaken to operate with applied stress 
as a function of creep (at constant temperature and time). This relation- 
ship became part of the second design procedure developed, using in addition 
the equations of this procedure. 

3. Direct Method and Results 

Total allowable deflection based on deflection criterion equals elastic 
deflection plus plastic deflection, or: total allowable strain equals elas- 
tic strain plus plastic strain. 

Definition for elastic unit strain is: 

bending moment, M »-m f    j 
oL  J   bending stiffness, El tf-in2 

Elastic strain of outer fiber is: 

M r    -i 
£ [in/in] = —H panel thickness (t)=£„*^t LEcl* AJ 

El 

Hooke's law in tirms of unit strain is 6 =(-*E=^t*£0*E [Eq. 5] 

with stress level, (J[ksi, psi] at the outer fiber causing creep strain, 
c[%, in./in.] , which is material, temperature and time dependent.  Youngs 
modulus, E[psi] is material and temperature dependent. 
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The temperature, T, and the local aerodynamic pressure, P"P8urface» 
generated adjacent to the structure [Eqs. 1 and 2] depend on the 
operational environment. 

The required bending moment for strength, depending on type of end fix 
ity, Cp is M = c1 * pressure load * length

2 [#-in] r* 

for a 1 inch wide section. 

[Eq. 6] 

Elastic deflection is: 

felastic Lin-i= c3 * Pressure load * length^/bending stiffness 

2 

[Eq. 7] 

Co M  9  Co   2     c"*  f \J- «L 
elastic  Cj El    cl^° cl   t    *  Et 

- 2 * ci (Tab. 2] 

Assuming the plastic strain-deflection relationship in correspondence with 
the elastic one, the elastic strain,£ , is replaced in [Eq. 7] by the plastic 
strain to find the plastic deflection, 

,2 
f .    ..   = ,„ *cJL cplastic =   C' 

Total allowable deflection is:    ftotal       felastic + fplastic 

* leneth2      1t{ gouter fiber + cregp strain >   jin;j    . 
thickness * 

Deflection criteria are contained  in  [Tab.  3]. 

[Eq. 8] 

[Eq. 9] 

ftotal  C2 

The total allowable strain is: 

£total = total deflection * thickness of panel/c * length  [in./in.]  [Eq. lo] 

The function of 5, F«S) =
g°uter *-**>£ * c(S) . £ 

K i 'total 
= 0 [Eq. 11] 

mv\8t be solved. 

An example for using the creep equation of solution-treated and aged 
T1-6A1-4V alloy sheet [8] is presented. 

Equation for creep strain, percent: 

(1.% = .01 in./in.) 

„^o mco  +  105.8 .   <Wi   3-75,?, 
.00225 -  2Z58. e"0159 + TTTT5. e    '^ TTÜ57'. 

c = * TrgT7'   *stress *time [Eq.   12] 

11 
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T=Fahrenheit+460. 
Approx.   range  for validity of   [Eq.   12]: 
temp.=600.   thru 800.°F;   stress=6.   thru 110.  ksi; 
time=l.   thru 500 hrs.;  creep=.00001  thru  .015  in./in. 

Newton's  interpolation formula was used to solve   [Eq.   ll] ,  as shown in 
fig.  11] :    Find    G* 6 outer fiber at F(S)=0 in 

_const,      tf 
F(5) = const,   * Ö 2  + Ü -   £ 1 E total [Eq.   13] 

Iterative procedures as follows, with the first  step: 

Go=etotal * E  •  Tl1en: 

6. -. const2 , yo    c 
F0 = constj *60 + ~f -etotal and 

F'0 -  consti * cons 

1   o     o 

const^-1.   i 
t2 * 6*c       + E i 

Finally, the repeatative step using [Eq. 13] and[Eq. 14] such as FQ-+ 0. 

Creep law [Eq. 12]as used in the iteration: 

1 
/ L. r- const« creep strain  (in./in.) = const,  * o * = c(G) 

constj =  ,01  * e 
.00225  - £Z|S 

T-il).     *   time e -.924 3.759 
T-1047. 

const. 
.0159 + 105-8 

e T-975. 

[Eq.   14] 

[Eq.   15] 

Moment of  inertia  is  for a   1   inch wide   section: 
1  (in.S=bending moment * panel   thickness/2.   * stress [Eq.   16] 
1=,0005 * M * t/o(ksi) 

The  square channel  cross section   [Fig. 13]  was chosen to represent other 
technically feasible cross sections  for  the  reason indicated   [pg.   9 ]: 

1  = J  t xy2 dy 

' 2 
Per unit width:       I  = ~  ♦ ^-  =  1.714 * gt2 [in3] 

[Eq.   17] 
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Gaga thickness of square channel cross section, 

g - 1.71* * 1/t2   [in.] [Eq. 18] 

is the only value required in this case to calculate cross sectxonal 1. 

Weight per square inch: 

W = 3. * § * g  and 

W (#/sqft) - 432. * § * g [Eq. 19] 

Normalized panel weight with averaged  support weight,   S (#/ft),   is 

"total  " W ♦  £ [Eq-   20] 

The weight penalty of the overall TPS due to necessary attachment fixtures, 
Wtotal' increases f°r every additional mounting station, and decreases for larger 
panel sizes with less attachments, however, at the co.;U of heavier weight per 
square foot of panel area.  To this extent, a trade-off optimization of weight 
is achievable. 

The qualitative content of Eqs. 3-20 is reflected in Figs. 14-18 . 
Normalized panel weights, net and with supports, as a direct numerical 
result of parametric variation of lateral pressure load in increments of 
.2 psi and of panel length in increments of .5 ft were derived for 600, 
700 and 800°F, and 500 hours exposure, using a stress-creep relationship 
for Ti-6-4 sheet [9] in a constant-depth-variable-sttess approach [Fig. 14]. 
Data are for a .75" square cross sectional geometry at a .6 psi pressure 
differential. The boundary condition is arbitrarily chosen "fixed-clamped", 
as well as the deflection criterion of 2/100 of panel length. Line (B) 
marks an arbitrary minimum gage restriction of .5 mil, yielding a TPS 
weight of 432.*. 16*.005=. 346 ///ft2 or higher. 

I 
Continuation of this study [Fig. 15] , again for fixed panel thickness, 

| ■        i.e. floating stress and creep levels, presents net and support weights. 
f Line markings show: 

(0) net  panel weight, 
(1) net  plus  support  (.2 #/ft)  weight, 
(A) pressure  loads  (.2,   .4,   .6 psi), 
(B) gage  thickness (.005 in.), 
(C) stress  level,   20[ksi]and creep,.0031   [-] ,  at  length,  3   [ft]. 
(D) stress  level,   15[ksi]and creop,.002   [-) ,  at   length,  4.5[ft], 

Variational  trends of other  pertinent  parameters are compared vs.  panel 
length  for constant  panel depth  [Fig.   16]   and constant creep/stress  level 
[Fig.   17],   respectively.     Here  again,   tho choice  of  the  alloys,   Ti-6Al-4V 

and Ti-7Al-12Zr,   is arbitrary. 

13 
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Scale  interpretation   [Fig.  16]; value at 4.5    ft   ,  and tendency: 

great  increase 
(A) bending stiffness,  66,000.   [#-in2] 
(B) bending strength,   200.   [#-in] 
(C) gage,   .017   [in.] 
(D) weight,   1.16   [#/ft2] 

(E) total deflection,   1.1   [in.]    1 
(F) elastic deflection,   .42  [in.]J 

(G) panel depth,   .75   [in.]} 

(H) crev p,   .002   [-] 1 
(1) stress  level,  15.   [ksi]j 

moderate  increase 

constant 

decrease 

Scale  interpretation   [Fig«  17],\qlue at 4.5   [ft] ,  and  tendency: 

(B) bending strength,   220.   [#-in] 
(A) bending stiffness,   150,000  [if-in2] 

(E) total deflection,   1.1   [in.] 
(J)} weight,   .73  [#/ft2] 
(F) elastic deflection,   .18   [in.] 
(G) panel depth,   1.4   [in.] 
(C) gage,   .01   [in.] 

) 

(H)    creep,   .005 [-] 
(I)     stress  level,  13   [ks ..} 

great increase 

moderate increase 

constant 

It is remarkable to note severe increase of gage and weight by design- 
ing with constant panel depth. Gage and weight increases are less for 
constant creep and stress level design, yielding better heat shield perfor- 
mance in the latter case. These facts are intentionally demonstrated 
[Fig. 18] for a parametric constant stress level range of 5.1 thru 7.2 [ksi], 
and a constant depth range of .75 to 1.5". 

An important result demonstrated by this analysis, was that creep 
strain totaling close to 1%, as assumed operationally feasible [3], 
is fairly high. 

VI Assessment of Materials Available for TPS Applications 

Materials considered for application in "wetted" areas were noted [7] by tem- 
peratures ranges they are capable to experience without failure, separated 

14 
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into below 800°F, 800, 1400, 1800, 2200, and over 2200°F.  To determine the 
percentage of surfaces to fall within a certain range depends on the highly 
complex design configuration of a vehicle. The approximate maximum use tem- 
peratures for metallic TPS materials and the approximate percentages of vehicle 
areas below maximum use temperature are according to another orbiter study [ll] 
for titanium 900 deg F (25-50%), superalloys 1830 (65-90), dispersion strength- 
ened nickel chromium 2100 (85-95. , coated columbium 2370 (90-98), and coated 
tantalum 2730 (95-98). 

Of equal importance is the recognition of uncoated and coated 
metal systems of promising endurance strength and creep resistance that 
have been experimentally identified for application in the temperature 
range of below 800 thru 22üO°F to meet requirements as dimensionally 
stable non-load bearing reusable surface panels [8, 11]. Data would 
have to be screened for stresa levels causing up to one half per cent 
elongation due to plastic deformation over accumulated times of up to 
50 hrs or over, equivalent to 100 load-temperature cycles or more under 
extreme space atmospheric conditions. Whenever possible, the synergistic 
influence of cycling as compared with steady state condition has to be 
assessed. 

1.  ITS Design with Aluminum Al loys 

To keep the primary aluminum structure of a delta-body orbiter for 
1500 NM cross range at a 200°F upper temperature, Lockheed [16J studied on 
the windward surface area the comparative performance of active TPS, using 
flowing of water glycol through aluminum tubes attached to the interior 
surface, and passive TPS with 6#/ft3 Dyna Flex insulation. 

Airframes primarily built of aluminum are very cost effective and may 
serve, when sufficiently insulated from heat of re-entry, to pick up body bending, 
compression and shear of a space vehicle.  The structure may extend co the 
external moderately hot surface at #ft sections of the vehicle,  In this case, 
the aluminum skin acts as an uninsulated radiative heat shield within its 
allowable temperature range.  Steady state, creep data are widely published for 
different aluminum alleys.  Cyclic creep information is not so frequent. Three (3) 
sources of high temperature creep data were found important for TPS design. 

For the aluminum alloy 2024(designation 24 S, [14])cyclic prediction 
capability concerning varying temperatures and stresses, based on linear creep 

theory, has been identified for metallurgical conditions 0 (solution treated), 
Tl (cooled from elevation temperature and naturally aged) and T3 (solution 
treated and cold worked). Cyclic creep as a summation of steps of constant 
creep,reported as Robinson's method [l4j , can be adequately predicted up to the 
following maximum temperature levels:  300°F maximum for stress cycling at Tl 
and T3 conditions, up to 600OF for the 0 condition. Creep behavior under tem- 
perature cycling is equivalent to constant temperature creep at a maximum of 
600°F and below in the T3 condition. 
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Four  (4) static and cyclic  tensile creep tests each per temperature-stress- 
endurance condition were conducted  [l2j  for 2219- 178   aluminum with data 
reported highly scattered  [Tab. 4],    2219- T78   is a sheet or plate product, 
solution treated (tempered) at 995 °F , cold worked, and precipitation treated 
(aged):     sheet at 325 °F    for 24    hr    and plate at 350 °F    for 18    hr  .  Static 
exposure  time was 180    min.   .    Total cyclic exposure  time was 270    min.   ,  25 
min.   per cycle, with 150    min.    at maximum conditions. 

Aluminum alloy 7175-T736 is a preminum die  forging developed by Alcoa, 
a material  in a favorably stable metallurgical  state during high temperature 
use.     Plastir deformation curves of  .2% are  presented   [17]   for up to 500°F and 
up to  1,000 hrs.    No cyclic data are reported.    At a steady stress level of 
3.2    ksi    an 500 CF , for instance,   .27» creep occurs within 1,000    hr  .     Heat 
shield properties for this product were analyzed at a panel depth of 1.25    in. 
and a gage  thickness of  .0093 in. .    At  20% of deflection criterion "2",  free- 
clamped  support, a panel of 43     lb-in    strength and 67000    lb-in2    stiffness, 
weighing  .4    th/f^.2    carries a load of  .6    psi    at a panel   length of 2    ft   . 
Elastic deflection is  .016 in.   and plastic deflection is   .08 in.   . 

2. Beryllium in TPS Design 

Beryllium  (and Rene 41)  radiative  insulated shingles have been operational 
on the  sides of the Mercury and Gemini  re-entry vehicles  [4],    Beryllium is ad- 
vantageous because of  ix.a  light weight of  .066  lb/in^and as a good heat conduc- 
tor  leveling temperature  gradients  in the TPS.    Oxidation protective coating 
requirements exist  for a nominal penalty (~,005  lb/sqft). 

The   proposed manufacturing methods  for  rib stiffened design are welding 
or diffusion bonding  [l8].     Hat and vee corrugations could be  spot weiued  to 
the  face  sheets.     5 x thickness of gage  should be considered  the minimum benu 
radius  for vee  corrugations.     For smallest  bend  radii,   forming has  to occur 
around  1325°F.     It  ia impractical  for handling purposes  to chem-mill   .02" 
sheet  thinner than  .01"  (10 mil).    A very  low R.T.  Poisson's  ratio of only 
.02  in short-transverse direction has been observed  in .02  to  .063 inch sheet 
due  to  rolling [l9]. 

Hot crois-rolled sheet of up to 27, BeO content  (melting point at  2340°F) has 
been considered  for IPS design primarily due  to  its high  stiffness at elevated 
temperatures.     The disadvantage of 1000°F and up, however,   is high creep.. 
Steady-state creep resistance  has been reported   [20]for cn.ss-rolled beryllium base 
27, BeO sheet       in transverse direction up to 800°F.     Plastic   .57. deformation 
(rupture)   stresses at  800°F are   20    (27   )  ksi   for  100 hrs and  15  (20)  ksi 
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for 1000 hrs exposure,  respectively.    Other high temperature data available 
are  short time  secondary creep rates   [21]   for hot-pressed block beryllium, 
Brush Lot 4324.     The   lowest creep rate measured was  .002  (%/sec)  at  1.8 ksi 
and  1500°F,  yielding  .5% creep in  .07 hrs.     One-hundred hour  rupture-life 
tests   [22]   as a  function of  temperature   in a beryllium-beryllium carbide  system 
of approximately one  percent carbon content,   indicate  stress  levels of   .2 
(.3)   k6i at  1200  (1500)  °F,   respectively.     These data sources   [20,   21,   22] 
were ^xcrapolated to project a  1.2 ksi  stress  level  (or  less)  to cause   .5% 
creep in 100 hrs at  1200°F.     Weight estimation of a  1.  ps<-2 ft heat  shield 
(1007* FC-"2")  reveals  2.78  lb/sq ft.    Depth (gage)  of the  square channel cross 
section is   .53  (.098)   inch. 

3. Titanium Alloys 

Titanium alloys for load-carrying outer surfaces have been justified in 
SST concepts, experiencing 400 to 5008F in flight.  They are useful for TPS 
at much higher temperature.  Thin gauge single-face corrugation 20" by 20" 
panels, .01" skin to .005" corrugation, have been manufactured, using Ti-8A1- 
1MO-1V[7J.  Special machining, forming and joining technology has been developed 
to accomplish such task [23]. 

Quantitative variation of creep behavior ranks first when considered with 
variations of other mechanical properties important for design.  Creep strength 
data for .01 to .5% creep of different titanium alloys at 500 to 1200°F and for 
up to 1000 hr. (and higher), from various sources, were found to vary drastical- 
ly, with the alpha-type alloys generally having superior creep strength in the 
annealed condition.  Strength is practically nil for Ti-6-4 beyond 900°F.  Titan- 
ium alloys containing gallium are very promising [24].  Review o£ the results 
for twelve (12) alloys shows that the Cl alloy of composition, Ti-4.5Al-2Sn-3Zr- 
3Ga-lMo-.5Si, exhibits superior tensile and creep resistance properties.  Larson- 
Miller presentation for .2% plastic creep between 850 and 1100°F with stresses 
ranging from 25 to 85 ksi, shows the operating stress level of the Cl alloy ap- 
proximately 10 ksi higher in comparison with the current most creep resistant 
commercial alloy 5621S.  AF goals for high temperature creep 
strength were met with AF-1 (Ti-5Al-5Sn-2Zr-.8M0-.5Si) [25], 
commercially not available.  Representative data of .2% steady creep of prime 
candidates up to 1000°F are compared with the two conventional T1-6AI-4V and 
Tl-8Al-2Cb-lTa alloys [Tab. 5].  The selective use of different titanium alloys 
under similar environmental conditions is not the only approach to TPS optimiza- 
tion.  There are others, such as manufacturing considerations. 

Precision casting of large thin-walled shapes has been proven technically 
and economically feasible. Steady creep data for up to 1000 hrs at .1 and .2% 
creep have been generated for these types of castings and for comparison of 
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Ti-6-2-4-2, Beta III,  and Ti-6-4   [26].  Here,  Ti-6-2-4-2 previously developed as 
a so-called "super" alpha alloy for engine use  in bar,  forging,  flat-rolled 
and extruded product form is  superior over the others.    As an example,  the  Larson- 
Miller presentation of the standard products for  .1% plastic creep at  1000 hrs 
reveals 48 ksi at 800°F.  23 ksi at 900°F,  and 10.5 ksi  tensile  strength at 1000°F. 
For castings the data are 60,  33, and 16 ksi,  respectively, which is an improve- 
ment of 25%,  43% and 52% over the other manufacturing methods. 

Second important were found variations of specific weights due  to high 
percentages of alloying constituents,  and elastic moduli  in tension and compres- 
sion.     For example,  Ti-8Al-2Cb«ITa 5/8" annealed bar weighs   .156 #/in3, and 
Ti-llSn-5Zr-2.5Al-lMo-,25 Si   (Ti-679)     .174 #/in3.     For Ti-6-4   T- extrusions  [27] 
at 800°F,   the compression modulus  is 24% higher than in tension.     This percentage 
increases with the  temperature going up. 

Creep strength data for simultaneous cyclic temperature/load conditions 
are unfrequent.     Robinson's method  [l4l to predict creep due  to temperature cycling 
at a steady stress  level, based on steady-state data was found feasible up to 
800°F for the alloy,  130A. 

The  following "short time" creep results (equivalent to 13 re-entry cycles) 
indicate  that cyclic creep is a design critical problem at 900°F and up  [12]. 
Static and cyclic tensile creep tests were performed for Ti-6A1-4V (STA) at 
an exposure of 900°F,  23(ksi)  for 225(min)  total  static  time,  and 195(min) at 
max.  conditions with 25(min/cyc),  325(min)  total cyclic  time.    Creep data 
reveal a wid«? scatter and cyclic degradation  [Tab.  6]  as compared with  .002  (in/ 
in) estimated from handbook data.     No  indications of degradation in fracture 
toughness, KIC,  at  R.T.  and  residual  strengths,  Ftu,  at R.T.  and 600°F due  to 
cycling were observed. 

The weights for TPS panels made of a titanium alloy have been determined 
[Tab.   7]   .72 to  1.05    7^/ft2    in the  temperature  range  R.T.   to 850°F for a  .5 
to 2.  psi   limit pressure differential and  two different designs,  MSFC and 
Phase B.     These data  lack complete description of  input paramelers for compari- 
son with weights of the method established,  and are at  least  10  times higher 
than  theoretical prediction for the  20 in.  span panel  below the minimum gage 
limit  [Fig. 14 and 15]   indicates. 

4.    Superalloys and DSM 

TPS designs of   superalloys ,  Rene 41,  TD-Ni Cr,  H 188 and Hast X,  for 
100  re-entry cycles  (ca 50 hrs)    are    limited by  cyclic croep strains   [8],   that 
are   anywhere  from 3 to 10 times as high as predicted  from steady-state creep 
tests   [Tab.  8].    Degradation of  R.T.  tensile  strengths is   also more  severe due 
to cyclic creep,  a phenomenon not yet understood. 
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The dynamic oxidation behavior at 2200°F of several dispersion-strengthened 
nickel-base  super alloys,   iron-base and nickel-base super alloys has been inves- 
tigateo by NASA Lewis Center [4],    One hundred test cycles of 30 min., each at  2200 F 
and 10   :orr air pressure, followed  6 min,   cooling  intervals.     The  7-20 torr pressure 
range would  be experienced by  the  shuttle.     Total metal   loss  for most of the 
tested alloys was well within  re-use  limits.     The  investigation covered oxida- 
tion rate,  vaporization  rate,  spelling rate and grain boundary attack. 

Nickel  Base Alloys 

High  temperature nickel  base alloys,  wrought or cast,  selectively contain 
Cr, Co,  Mo,  W,  Cb,  Ti, Al,  Ta   [28].    Cyclic creep,  more  representative  for 
typical  flight conditions  than steady creep,  of Rene Al and Hastelloy X    has 
been identified by test  to occur several  times higher than steady-state creep 
[Tab.   8],     Previous experience with Inconel X reveals   [14]   that prediction of 
cyclic creep from static data  is adequate  up to  1500°F for this alloy.     Precision 
cast,   structural concepts of In-100 have  been experimentally verified [lo] to pos- 
sess unique high temperature creep capabilities superior to those of other fab- 
rication methods.     Comparing steady-state  creep data,  cast In-100 and cast Inco 
713 LC are   superior up to  1800°F,  with Hastelloy X,   Inco 718,  Incoloy 901,   Nimonic 
80A and  Rene 41  having inferior creep strengths  in that order. 

The GE "Rene" Alloy 41, also known as Haynes Alloy No. R-41, vacuum-melted 
and of Ni-19Cr-HCo-10Mo-3Te-1.5A1 composition,is in solution heat-treated and 
aged condition one of the strongest alloys available for non-cyclic use in the 
temperature range of 1600 to 1800°F. At these temperatures, it is reusable at 
much lower stress levels under shuttle conditions [8]. Experience exists for 
application on  the  sides   Df  the Mercury and Gemini   re-entry vehicles. 

R-41  is available  in all wrought  forms,  as  precipitation hardened  thin 
gage  sheets and also as vacuum  investment  castings[9,  io].    Minimum gages were 
manufactured   [7]   for    ,002" corrugations    in stiffened  sandwich panels with 
.01"    skins.       T-sections of 18" i;»n were  fabricated  initially of  .025"  sheet 
E.  B.  welded,  creep flattened,  and chem-milled  to  .01" with  the weld and flat 
surface area mask off.     Then panel   fabrication by welding of  ribs was developed 
for  .005" minimum gages.     A  single-faced  flat  corrugation-stiffened  12" x 20" 
panel  using  .005 skin and corrugation was  spot welded and heat  treated.     The 
warping stayed within allowable   limits.    Diffusion welding is  typically possible 
at  2000°F and  10 ksi. 

The effect of multiple   re-entry on creep  in  tension  for  100 cys. with durationo 
of  1/2 hr each has been determined at a  stress  level of 8.5 ksi and  1600°F for 
two  types of heat  treatment   [Tab.   8],     The  2050°F solution  treatment,   1650OF 
agir.g,   is  superior  to  the  other one (1400°Fage) reported   [Fig.   3].     The   ratio 
of predicted-to-actual  creep for this  100-cyc.   interval  remains  fairly constant 
at  1   to 13.3.     TPS design was  found  feasible at  the  reported 8.5 ksi  stress  level 
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at 1600°F and not identified below the l.kti at 1800°F, where the actual 100 cycle 
elongation hardly exceeds .5%,  the characteristic limit found by the creep- 
index criteria established  in section 111.     Loss of strength occures  through 
overaging at  1800°F rather than oxidation   [8],     The oxidation resistant material 
experiences a slightly greater property degradation at one atmosphere than 
at high altitude pressure. 

Due  to  lack of cyclic creep data at several  stress  levels,  a stress  level 
variation was performed at ICO hrs and 1400°F with steady-state data for Rene 
41     revealing  .02,   .05,   .1,   .2,   .5% strain at 9.2,  14.,  22.,  32.,  56.  ksi  respec- 
tively.    Design curves of  type   [Figs.6-8]  applied at constant weight and  panel 
depth show    TPS optimization to extend from moderate panel  lengths and high pres- 
sure  levels  to  larger panel  sizes at  lower pressure  loads.    Thus,  a decrease of 
excessive  loading capacity can be  traded against  longer panels by using 10  to 
20 times smaller creep rates with no weight, penalty involved. 

2 
The  typical dimensions of a hat section panel weighing 1.1  lb/ft    are: 

gage thickness  .008", panel  thickness  .3", hat distance 1.2", hat size at the top 
I.",  and  .44" at  the bottom.    TPS weights  independently have been estimated  [Tab.  7] 
for the  temperature  range 800 thru 1600°F,   to reach  1.1 #/ft2  for  .5 ksi and 1,8 
#/ft2 for 2 psi,  both at  1600°F.     The  same  source quotes  the MSFC TPS weight  1.95 
#/ft2 fairly high at  1300°F. 

The 100 cycle unit area weight per psi pressure  load and per ft panel span for 
the  square channel cross  section at a criu non of 2/100 of panel  length total 
deflection,   using the creep data  [Tab.  8]   at 1600°F (2050°F sol.,  1650°F age), 
is estimated  .54 #/ft2/psi-ft with gage  thickness  increasing at  the  rate of 
.0042 in/psi and panel depth at  the  rate of  .43 inch/ft of panel   length.     Using 
as material data the empirical  creep-temperature-stress functional  relationship 
of  [9],  however at  100 hrs,  same  temperature,  and a fixed  1.   inch panel depth, 
gage  thickness and weight are  .0073  inch and  .94 #/ft   ,  respectively, at a match 
of  the  remaining parameters of both the approaches with each other.     The  rela- 
tionship gage-portional-to-weight, would bring the equivalent  gage thickness of 
the  1.6 #/ft2 panel   [ll]  up to  .014 inch, which thickness was not reported. 

Hastelloy X (Ni-2?Cr-i8Fe-9Mo-1.5Co-.5W),   available   in wrought and cast 
conditions,has excellent  forming and welding characteristics.     Thin gage manu- 
facturing is  feasible as  thin as   .002  in.   for sandwich corrugations,  and  .01 
in.   for   skins.     Tuperior oxidation-resistant properties up to 2200°F are  reported 
[28]    high metal   loss of  2.65 mil  per side, however,  for TPS under shuttle condi- 
tions  [4], 

In annealed condition  [29],  this alloy was chosen in the GDC-c   ^umbium 
elevon of the CVL-4 vehicle exposed  to a  1720°F peak temperature  [3j.    Hastel- 

*     loy X has inferior steady-state creep resistance at  1350°F fro]  compared with 
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In-100 and lnco 713LC.   Cyclic creep reported at  1800°F and 2.  ksi  for 100 
cycles  [Tab.   8]   is  too high for TPS design. Stress  levels applied smaller 
than 2.   ksi,  data of which were unavailable, may turn out too heavy TPS at 
18üO°F. 

Haynes ln-100  is a vacuum-melted, vacuum-cast,  nickel-base alloy of the 
aluminum-titanium,  precipitation-hardening type and especially useful  in high- 
stress applications at high temperatures.    Possessing adequate oxidation resis- 
tance,   the alloy can be used at  temperatures near  .900 deg.  F.     Steady state 
creep data are  reported for In-100 up to 1800°F,  1000 hrs.     Present use  is for 
turbine blades in the as-cast condition.     Its composition:     Ni-15Co-10Cr-5.5 
Al-4.7Ti-3Mo-.95V (Ref.  Haynec),  or according to another source  (Ref. McDonnell) 
Ni-15Co-9.5Cr-5.5Al-5Ti-3Mo-.95Vn015B.    M---riai density is  .28 #/in3.    An 
integrally stiffened panel with rib1"  in "quasi-isotroplc" directions was vacuum 
cast   [30]  with as-cast web thicknesses of  .03  in.  and as-cast  face  sheet of  .075 in. 
The outer surface was ground to provide a face thickness of 0.35 in. 

The  superalloy casting lnco 713 LC,  Ni-13Cr-6Al-4Mo-2Cb-.7Ti  is second 
after In-100 in creep performance at 135C°F [31] . 

The application of dispersion strengthened nickel-chromium    has been esti- 
mated   [32]   to fill  the gap above  the  1850°F use  temperature of superalloys and 
below the  2200°F  lower use  temperature of coated  refractories.     85 to 957, of the 
orbiter external  surface area will  be below this mex.  use  temperature. 

Mechanical and physical  property characterizations fvom R.T.  to 2A00°F 
for thoria-displaced nicke 1-chromiui. (TD Ni-Cr)  sr.eet  (Ni-20Cr-2Th02 and 
other compositions)  of varying heats  (micro-structural changes)  a.i>£ different 
gage  thicknesses exist from different sources   [8, 33, 34],    At elevated tem- 
peratures meaningful  reproducible creep strengths are high,  along with  low 
ductility and anisotrophic  response.    The creep mechanisms  (2 or more) and 
micro-structural  variables are unidentified.    At operating temperature  ranges 
and stress  levels reported   [Tab.  8],  deviations between predicted and actual 
creep elongations are moderate,   lowest as compared with all  the superalloys 
investigated   [8],    The  same  is valid for effect of cyclic exposure on residual 
strength  reduction.     TD Ni-Cr possesses excellent oxidation resistance. 

TPS panels of annealed TD Ni-Cr sheet material  have  been manufactured with 
bent  radii of 3x-the-gage  thickness formed at R.T.  Gage  thicknesses  reported 
[29]   are minimum gages of  .008"  for skins and corrugations and  .002"  for sand- 
wich corrugations.     In one  program     [35],  surface  treatment was cleaning, 
grid blasting and preoxidizing at 2000°F.    Diffusion welding is  technically 
feasible with a  typical  bonding pressure of 5 ksi for 2 hrs a'c 1900°F.    Join- 
ing with  fasteners of TD Ni-Cr  14J   Is unreliable due  to popping of heads along 
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the coldworked and recrystallized areas of the heads which results from 
the head upsetting operation. 

Although not dealing with typical re-entry TPS panels, a test program 
has been completed and evaluated [35].    Structural panels of 1.68 #/ft^ reacted 
loads of the primary structure, to which they were attached by flush head 
screws, and those of thermal expansion differences.    The fin primary structure and 
surface stiffened skin for the FDL-5A vertically boosted earth-orbital vehicle, 
having   nominal   re-entry time of 60 to 90 min.  has been designed and tested 
under max.   temperature of 2240°F for  thirty ^-hour thermal cyclic conditions with- 
out, failures.    The  single-faced,  corrugation-stiffened TD Ni-Cr panels, with 
face  sheets  .015 in.,  corrugation  .01  in.  and edge members  .02 in.   thick,  shal- 
low beaded to prevent buckling, and with detail parts assembled by spot welding, 
were capable to sustain the repeated cycles of the normally and chordwise not 
equally distributed point loading introduced into the primary structure    without 
buckling. 

A TPS system consisting of a  .2" flat  fluted skin of recrystallized TD Ni-Cr 
backed by a Dyna Flex insulation [3]  has bean cyclically tested in a radiant 
heac lamp facility at atmospheric pressure.    The panel was  loaded by drawing a 
pressure differential of  .1 psi at the panel back face.    Test cycles  totaled 
50 of 2/3 hr trajectories at max.   temperature of 2200 F,  10 hrs total exposure 
tira above  2000°F.  Small buckles occured after 10 cycles due to configuration 
imposed  thermal  stresses,  and cracks after 25 cycles.     The  test panel experienced 
a structural vibration and acoustic environment. 

TPS analysis has been performed   [7J   for short and  long cross range shuttle 
vehicles,  using hat and rib stiffened  TD Ni-Cr panels.     For the  short cross 
range vehicle,  panel   location at  the bottom centerline,   the hat corrugation 
was  reported with dimensions:     1.2" hat size at top,   .85" hat size at bottom, 
.29" panel  thickness,  and  .008" gage  thickness,  constantly weighing  1.2 #/ft* 
between 1400 and 2200 deg.F.    The basic weight of a similar hat section for 
the  long cross range vehicle has been determined  1.3 #/ft   ,  increasing to 1.55 
#/ft2 at 2200°F.  Both types of panels were designed for a total of 100 flights 
with the  panels at max.   temperature  for several minutes.    Linear thermal expan- 
sions have been reported  for the  30 in.   long panel:     .35,   .55, and  .8 in.   at  1400, 
1800,  and  2200°F,   respectively. 

Th.- TPS weights calculated for free-clamped support,  100% of deflection 
criterion "2,,

)  and  the  fixed stress  levels and  indicated temperature  ranges 
[Tab.  3]  6.5 ksi et  1800°F,   5.ksi at  2000°F and 3.5 ksi at  2200°F,  are  1.76, 
4.06 and 6.67  lb/sqft per  I.  psi  pressure   load and  1.   ft panel   length (lb/sqft/ 
psi-ft),   respectively. 

Iron-base  Superalloys and  Stainless Steels 

Robinson's method  for cyclic creep prediction using steady-state data 
was  reported  for some  steels   [Tab.  9] .     The A-286 steel  was used  in the CVL-4 
Convair Vehicle   [3] . 
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Cobalt-base Alloys 

Data on rupture strengths of cobalt-base alloys between 1200 and 2000°F 
for 100 and 1000 hrs are reported [36].  Highest creep resistance at 2000°F 
was experienced with the NASA Co-W-Re alloy for high temperature space applica- 
tions:  6.3 ksi for 1000 hrs, 9.7 ksi for 100 hrs.  These rupture strengths at 
2000°F are low when compared with columbium alloys (D-31 elongates 5% in 1000 hrs 
at 20. ksi). 

TPS design with L-605 and/or H-188 has been conducted by at least five 
different industries: General Dynamics Convair, McDonnell Douglas Eastern 
Div., McDonnell St. Louis, Grumman Aircraft Co., and Boeing. 

The commercially available cobalt base alloy, L-605 with other designa- 
tions, Haynes 25 or Crucible Alloy WF-ll, of composition Co-20Cr-15W-10Ni, is 
resistant to oxidation and carburization at 1900 F. Normal use in jet engines 
and furnaces is in the temperature range 1400 to 1600°F, and 1600 to 1900°F 
in emergency.  This material possesses excellent workability, machinability 
and weldability.  Tab. 10 reflects minimum gages. 

For an elevon design peaking at 1900°F, L-605 was chosen by GDC [3] . At this 
temperature, the sheet has a 100 hr stress-rupture strength of 7,000 psi. 
Steady creep data of .5% were used for design analysis, as available for annealed 
sheet of .02 to .08 in. [5,9]. 

Haynes 188 is the L-605 alloy with addition of lanthanium for oxide stabil- 
ization.  The melting point is at 2400°F. Heat oxidized for 1 hour at 1600°F, 
22 ksi UTS at 1800°F was measured by McDonnell Douglas East.  UTS is 30 ksi 
according to the manufacturer. Yield strengths at 1800°F are 20 (McDonnell) 
and 18 ksi respectively. 

A beaded skin and hat corrugated heat shield of L-605 Tab.[ll] has been 
designed and manufactured for temperature up to 1800°F weighing 1.25 #/ft . 
Design principles have mostly been necessitated by experimental test, i.e. 
expansior joints were needed at the two ends, because of thermal growth in 
longitudinal direction only.  The lateral  thermal expansion is absorbed by 
rising of the beads,  therefore, size limitation in lateral direction is 
restricted to sheet sizes available.  Thermal expansions measured are similar 
to those of TD Ni-Cr. A span of 20 in. was found acceptable to provide local 
and overall stiffness, to prevent flutter, to have panels easily removable for 
maintenance and inspection, and to cause minimum leakage at edge seals. 

The Haynes-25 panels [ll] , No. 2 of 18 in.xl8 in. size [Tab. 11] and No. 
3A of 20 in. span, for the low L/D and high L/D orbiter vehicles, respectively, 
were supposed to yield center creep deflections (* aero limit) of .325 in. and 

.2 in., respectively, after 100 missions of 15 min. each.  Uniform load of 40 
psf was applied during each cycle at 1800°F. Panels were designed, using 
steady creep handbook data, such that a 3.75 ksi stress level generated a 
total of .4% creep in the extreme fibers.  Panel No. 2 had .266 in. center 
deflection after 9 cycles and No. 3A had 1.25 in. after 22 cycles. Constants 
in two different cyclic creep laws (Nadai and Pao-Marin) were determined from 
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.008" sheet specimens cycled at stress levels between 1. and 8. ksi at 1800°F. 
The creep laws used in the contractor's creep deflection analysis of residual 
stress capability matched the results of the two heat shield experiments.  Further 
study revealed that for a high L/D vehicle the allowable extreme fiber stress for 
meeting the required .25 in. permanent deformation per 20 inches is only 1.85 
ksi.  The stress level is 2.7 ksi yielding .1% creep in the case of the low L/D 
pane 1. 

Required panel weights relative to pressure loads and specific design con- 
ditions for temperatures up to 1800°F are provided by another data source 
[Tab. 7]. Although data on hand are inadequate to conduct a perfect compari- 
son with the prediction method developed, this was partially undertaken 
applying the cyclic creep data for H-188 [8] to generate unit weight vs. pres- 
sure load. The predicted unit weights for .5 and 2. psi [5]  are much 
lower than the 100 cycles-exposure curve indicates. 

5. Refractory Alloys in TPS Design 

Refractory alloys provide the best creep resistances achievable at extreme 
temperature endurances. Operational experience with thin wall sheet and tube 
applications in reactors exists. Multi-source joining, welding, brazing and 
diffusion bonding parameters are available [4 J . 

For a "theoretical" design trade-off comparing for instance the creep per- 
formance of coated tantalum alloy T-222 at a constant stress level of 12. ksi, 
and 2400°F for 100 hrs with coated columbium alloy Cb-752 [9], T-222 has 6 x 
higher creep resistance (1.%), 4.45 x higher stiffness (22.2 x 10" psi), how- 
ever, is about 1.85 x heavier (.604 #/in ) than Cb-752. The molybdenum alloy, 
TZM (.369 #/in3), slightly heavier than columbium, shows excellent creep rupture 
performance [9] , 42 ksi for 10000 hr at 2000°F.  For some refractory metals 
and alloys [37] » biaxial stresses and creep strains were compared with uni- 
axial creep data of other investigators for, ranges of temperature 1950-3000°F, 
stresses .4-32 ksi, creep rates 10-3 to 10  in/in-hr and test duration 100-1000hr. 
The biaxial and uniaxial creep properties were found equivalent on the basis 
of effective stress and strain rate as defined by the von Mises criterion for 
plastic flow. 

Usage in TPS is limited by oxidation (burn-up) as well as exceeding of 
deflection limits, whatever happens first. Coating systems against oxidation, 
functioning a few minutes up to above 100 hrs, have been developed for columbium 
and tantalum alloys, being less advanced fur the latter ones. Fiublems are 
with coated and threaded refractory fasteners for shuttle requirements [4], 
Coatings on the threads fail under very low torque levels and where heads are 
gripped by driving devices. In addition, control of thread tolerances due to 
coating thickness is marginal. 

Columbium Alloys 

The approximate maximum use temperature for coated columbium alloys has 
been reported at 2370°F with 90 to 98% of a typical orbiter external surface 
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area below this  temperature   [32].    Typical TPS alloys with coating potential 
are Cb-752 (.343 #/in3 uncoated,   .J2S #/in3 coated with VH-10   [29] ),  C-129Y 
and FS-85 [10,38].    C-129Y possesses mechanical properties similar to those of 
Cb-752,  however,  better forming characteristics   [3] .  Coated Cb-103 evaluated 
for space  shuttle use by Boeing (IRAD)  revealed high inspection costs. 

One of the earliest columbium creep bending tests conducted   [15]   was the 
4-point  loading of a 11.5  in span cross sectional U-channel.    After 32 minutes, 
maximum allowable plastic deflection was  reac!,?d at a max.  bending moment of 
110.2    #-in.    Other short time studies at high temperature with rib-stiffened 
and corrugation stiffened TPS panels made of  .012 in.   columbium alloy sheet 
revealed weight vs.  allowable moment data  [7].    A pi-strap staggered TPS concept 
was developed for use at the bottom  location of a long cross  range vehicle  for 
peak pressure  lo.ds of  .4 and 2.  psi and up to 2200°F.     The vee-corrugation 
stiffened panel  it.  flight direction was clamped between the external pi-straps 
and panel  stiffenei     in cross flow direction.    Design features included connec- 
tions to adjacent panels, mid panel  supports and thermal  growth accomodations. 
The panel of coated FS-85,   .68 inch  thick,  of a  .008 inch gage material,  vee- 
distanc-i at  1.2  inch,  and designed  for an ult.  bending strength of 147   #-in   at 
R.T., weighed  1.84 #/ft2.     Residual  tensile yield strength at R.T.,  under the 
scope of this program, was determined on Cb-752,  coated with  R 512 E Sylvania, 
and found  to decrease approx.  20% from its original  strength after up to 100 
creep cycles under shuttle conditions.    The other design concept of rib-stiffeneu 
coated columbium was a flat  surface  panel  stiffened by weld-on ribs of equal 
depth and spacing,  oriented in flight direction.     Bolts and integral  spacers con- 
nect  this panel  through  the  skin with an angle member mounted on a  lib stiffened 
hat  type edge  support clip,  providing connections  to the adjacent panels of simi- 
lar construction,  and elliptical hole  type  thermal  growth accomodations.    Another 
hat sectional  support clip furnishes a  lateral attachment mid point to a channel 
panel center support member.    On the forward and one  lateral  side of the panel, 
a shingle  type overlap exists  to the adjacent panels.     All clips functioning as 
attachment points are  part of the  load carrying substructural  frame. 

Much experience has been gained  from the General  Dynamics Convair hot struc- 
tural elevon development  for the CVL-4 vehicle   [3],     This vehicle was originally 
designed for a factor of fatigue  safety of 4 and/or allowable creep strain of 
1.7..     The elevon mostly consisted of Cb-752 and  part of  it of L-605 for the 1900°F 
and Haste Hoy X for the  1800°F regions.     The design was  to sustain 2500°F short 
time  peak temperature.     The Cb-752 gage  thickness utilized was  .012  inch.     Part 
of which was diffusion bonded with vanadium foil   interleaf.     Sinusoidal webs 
were welded as spars and  ribs to  leading edge and  skins. 

The CVL-4 elevon was  tested   [3]  at angles,  0/5/10/15°,   in the Convair SEAR 
hot gas (G02/GH2)  facility.     Heat fluxes were up to 39 BTU/ft2-sec.     Rivets used 
in the Cb-752 sheets experienced early service failures due to malfunctioning of 
their coatings.     The  rivets were  said being damaged during the  riveting process 
and not  sufficiently repaired,   such   that coating spallation and oxide  penetra- 
tion due   to  turbulent conditions could occur.     Coating investigations on C-129Y 
and Cb-752 material were conducted   [3].     Fused slurry silicide coatings VH 101 
(Si-Hf-Cr-Fe) and VH 109 Duplex (Si-Hf-Ta-Cr-Fe)  of the Vac-Hyd Processing Co»-p. 
of Torrance,  Cal.   used  for C-129Y oxidation  resistance  tests  performed  properly. 
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Testing at Convair was according to design specifications for the CVL-4 vehicle, 
60 cycles of a 2400 tec trajectory, 2469°F peak temperature, 48.6 hrs of thermal 
exposure, 26.6 hrs above 2000°F. The TRW-pack cementation coating, (Cr-Ti)-Si, 
of the Cb-752 material failed on the CVL-4 structural component supplied to AFFDL 
for testing after 15 cycles of a 2400 sec trajectory, 5.3 hrs at 2000°F. 

More confidence and competence in coated columbium has been established over 
the years.  Fused slurry Si Cr Fe (R512E) coated Cb 752 showed satisfactory re- 
sults in 50 or more high temperature lifting re-entry simulations at McDonnell 
Douglas [39] .  Reuse is said to be limited now by creep deflection, not by any 
coating failure, even after deliberately inflicted damage to the coatings (up to 
3/8 inch diameter). Ten (10) flights at least for coating re-usability at 2600°F 
were conducted. Plasma arc tests on coated columbium alloys under simulated space 
shuttle conditions by Battelle/Columbus [4] indicated that R 512 E and VH 109 
coatings are protective up to 2470 F. They perform satisfactory for several 
cycles to 2400°F, but do not meet 100 cycle dynamic life. Coating failures marked 
visible by oxidation products and non-catastrophic for additional re-entries mostly 
occur at edges. More a problem exists with plasma ingestion after burning of a 
small hole, during an entry cycle, than by loss of strength or embrittlement. 

The use of coated columbium panels would be risky as indicated without a re- 
pair technique developed by Sylvania [4] This is considered a technical break-through 
because manufacturing and handling damage is a certainty.  Inspection by autoradio- 
graphs and field repairs in less than 5 min. with a portable quartz lamp heater 
were found satisfactory for more than 100 cycles to 2400°F. 

Diffusion bonding for shuttle hardware of columbium performed at the NAR 
Space Div. [4] appears sufficiently developed and offers several advantages over 
welding and brazing.  The choict of the joining process, however, will depend 
largely on the design details. This company reported exceedingly low stresses 
at high temperatures for the design of a 18 in. x 36 in. test panel mad-, from a .02 
in. thick face sheet, chosen as the minimum gage allowable for production handling, 
stabilized by diffusion-bonded stringers. Maximum panel deflections resulted from 
thermal gradients in the first 300 sec of re-entry. Thus the panel was adequately 
strong to resist the maximum air load of 3 psi during boost at 70 OF . 

The basic metallic unit weight of a columbium heat shield concept including 
clips and attachments was estimated 1.3 #/ft2 [16] , based on a comparative study 
on performance of active and passive TPS of the Lockheed delta-body orbiter for 
1500 NM cross range.  The windward surface area of 4455 ft2, 36% of total surface 
area, was considered under a re-entry plan-form wing loading of .34 psi at a smooth 
panel peak temperature up to 2300 F and local temperature as high as 2400°F.  For 
increased stiffness, the outer panel was formed with circular arc corrugations 
using a pitch of 1.4 in and a height of J.4 in.  No further information on other 
TPS design parameters, dealt with in this study, was provided. 

Other independent weight estimations of coated columbium TPS [5] indicate 
the weight between 1600 ard 2400°F at the loading level of .5 psi to moderately 
increase from 2.2 to 2.4 #/ft2. The weight goes up from 2.3 to 4.05 #/ft2 at 
the higher load of 2.  psi within the same temperature range. 
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Tantalum Alloys 

The maximum use temperature for coated tantalum on the shuttle orbiter has 
been estimated at 2730°F[32], with approximately 95-98% orbiter area below this 
temperature. Problems are with the high creep rates and short coating lifes at 
the temperature endurances desirable. 

To improve high temperature creep properties and still maintain good fabri- 
cation and weldability characteristics, the precipitation strengthened tantalum 
alloy, ASTAR 811C(Ta-8W-IRe-.7Hf-.0250, has been developed for nuclear power 
systems purposes [40].  Stress levels at temperatures for 1% elonge'ion and 
1000 hrs, as compared with T-111, are:  12 ksi at 2200°F and 11 ksi at 2400°F 
for ASTAR 811C (1 hour annealed), 18 ksi at 2200°F and 4.6 ksi at 2400°F for 
T-lll. 

Most of the extensive screening programs of tantal'im coatings were conducted 
on Ta-lOW test specimens.  Coating performances [Tab. 12] are 50 hrs and up for 
a 2600°F, 10 torr cyclic environment [32], meeting the 100 cycles for the NASA 
shuttle [4].  The fused slurry suicide coating, 512C, appears to have re-use 
capability for only eight (£) to ten (10) missions at 2600 °B.  An AF contractual 
requirement of 1969 [41] called for 1 hr at 3500 °F, having been surpassed by a TRW 
coating [42] . Data 142] are for unloaded specimens with 3 mils or coating, cy- 
clic static oxidat m tested in air.  In case of the TRW W/Si2 coating a max. 

I high temperature life of 16 hrs at an optimum temperature of 3000°F was observed. 
'.■ 

Heat shield weights of coated T-222 TPS concepts have been reported at 
I temperatures up to 3500°F for short time loads, 1. to 4. psi, and under consid- 
1 eration of the total creep deflection allowable, .1 inch+.OlL, as function of 

span, 1, 8. to 24. inch [15 , Section IX-3, Structural Efficiency Studies]. 
The extreme operational environment was assumed totaling 50 hrs at 2500°F, 10 
hrs at 3100°F and 1 hr at 3500°F for an average pressure load of !.33 psi. The 
weight penalties estimated for 2. psi due to the allowable deflection limit 
[Tab. 13] reveal exorbitant increases when panel spans increase beyond 12 inches. 

\ The weights include supports and coating.  Short time load deflection data up to 
\ 3500°F [I5j , not correlating with the assumed endurance environment, show as an 

example for an 8. inch long and 6. inch wide rib stiffened panel, weighing 4.5 
#/ft*, under max. test load of 390# (ca. 8 psi), a permanent set of .625 inch, 
about 3.5 x higher than the allowable deflection. 

Within the ranges of panel lengths and pressure loads reported, panel weights 
have been calculated, using T-222 creep data [l5j of 10 hrs endurance at 2900°F, 
a stress level of 4.1 ksi yielding creep of .1%.  Weights for a 2 inch deep hat 
corrugation panel were found to be a multiple of those reported [l5J. 

Effective use of tantalum alloys as radiative heat shields is limited to hot 
spots on the vehicle, such as leading edges.  Application oriented short span 
supports and additional cooling should be considered in terms of weight penalty 
trade-off and replacement intervals, respectively. 
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V ^onclusions/Recomraendations 

"Light weight" TPS design necessitates the consideration of plastic 
strain at elevated temperature. Estimated TPS weights found in refer- 
ences and methods of calculation used vary widen. Unit weights differ 
up to 100%t the cause of this variation could not be completely identi- 
fied due to details missing in the multi-parametrical studies involved. 

Material stress ievels to design with are allowed to generate less than 
one half percent elongation due to plastic deformation over accumulated times 
up to 50 hrs or more. A background of experience exists with steady-state 
creep.  Lesser attention is given to cyclic creep. Weight estimation with 
steady-state creep data is usually too low. Original cyclic re-use data 
only should be used for design purposes incorporating synergistic effects of 
temperature-load cycling. 

The criterion of design applicable is the allowable aero-limit deflection at 
panel mid span as a direct result of cyclic creep elongation of the material. 
An analysis method for creep deformation was assessed based on simplified assump- 
tions, moderate computational effort, and leading to a conservative estimate. 
Sixteen (16) important application-, configuration- and material-oriented design 
parameters were identified for effective radiative TPS design and used in the 
analysis.  Four (4) methods of parametric modification for panel design opti- 
mization were found practical:  stress-level, gage thickness, panel depth and 
allowable deflection trade-off, The potential of different existing high tem- 
perature metals was assessed with comparison of material systems valid only 
for identical temperature-endurances. 

Design with aluminum ailoys for temperature endurance is feasible up to 
200°F. No long-time cyclic data for highe- temperatures were found applicable. 
Use of beryllium is of disadvantage at 1000^F and up because of the high creep. 
Cyclic data for beryllium do not exist.  For use of Ti-6-4, the strength beyond 
900°F is practically nil. Titanium alloys containing alloying components such 
as gallium are effective for up to 1100 F. Cor.t consideration, however, should 
be a factor for specially alloyed titaniums. Cyclic creep of titanium is a 
design critical problem from 900°F up, which type of data is missing. Beryllium 
heat shields at moderate temperatures above. 200°F are much lighter than those 
of titanium due to the higher strength/weight ratio of the beryllium.  Based 
on the steady-state creep data available, beryllium panels have to be twice as 
heavy for the same performance because of the better creep properties of titan- 
ium at higher temperatures. TPS design with superalloys is limited by cyclic 
creep strains, 3 to 10 x higher as predicted from steady-state creep tests. 
Dynamic oxidation effects of superalloys stay within re-use limits. Precision 
cast nickel base alloys possess unique temperatu  creep capabilities superior 
to those of other fabrication methods. Under cyclic conditions, Rene Al can 
be used at an unidentified stress level of below 2 ksi for 100 cycles at 1800°F. 
Application of the superior creep resistance of thin gage precision cast nickel 
base alloys should be justified from cost-effective manufacturing considerations. 
Cobalt-base alloys seem to be a replacement for nickel base alloys creep perfor- 
mance wise. Thorough testing and extensive analysis of TPS from Haynes 25 at 1600°F 
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revealed no extraordinary results. Dispersion strengthened nickel-chromiun. 
TPS fill the temperature gap above the superallnvs and below the. coated re- 
fractories. Typical basic weight for TD Ni-Cr TPS is reported 1.55#/ft2 

for 100 flights at 2200°F maximum temperature ^or several minutes. Cyclic 
stress level of 3.5 ksi at this temperature for material tested reveals creep 
too high for TPS design. Use of refractory alloys for TFS is limited by 
oxidation, as well as exceedance of deflection limits. Coatings developed are 
less satisfactory for the tantalum than for the columbiu».-. alloys. Maximum 
use temperature for columbium alloys is reported 2370°F experienced at the hot 
spots of a re-entry vehicle. Unit weights of columbium panels for use up to 
2400°F rapidly increase with increase of pressure loading from 2 psi up. The 
best protective columbium coatings perform satisfactory for several cycles to 
2400°F, but do not meet 100-cyc. dynamic life. The coating repair techniques 
developed can be considered a technical break-through.  Problems of tantalum 
alloys are w'rh high creep rates and short coating lifes at the cemperature 
endurances desii-able. Coatings on tantalum alloys perform 50 hrs and up at 
2600°F, 1 hr at 3500°F. Maximum use temperature for coated tantalum alloys 
is estimated at 2730°F, 

Weight savings for hot radiative metallic heat shields primarily depend 
on minimum gage fabrication capability. Cyclic creep data accounting for syn- 
ergistic effects of both temperature and load cycling are lacking for these 
thin gages. Other important data partly missing are oxidation effects and 
field repair. Use of TPS as an exterior component of moderate precision, attac' 
ed to the surface of the vehicle, can be operationally very cost effective. Th 
only source of TPS cost data available (Douglas data M 60892) is relative to 
2024-T3 panels.  Cost factor is 3 for Rene 41, and 4.5 for Ni-20Cr-2Th02, 
up to 19 for the brazed concept, which means the choice of the manufacturing 
process is a determining cost factor. 

Work beyond the scope of the current study. The required information 
for setting up effective test series of types rf heat shielJs to be pro- 
cured may be determined thru ut«e of the anal bis technique, i.e. influence 
of panel length on weight, selection of g'.ges, and geometrical proportions 
for type of material to be desirable in a defined temperature range. Part 
of the panels should be tested to re-evaluate the basic material properties 
which could be different from available data used in the prediction method. 
Part of the testing should ba performed in a high temperature static test 
facility and part of it in an arc heated tunnel [43]. As the duration of 
peak temperature in a tunnel run profile la usually shorter than the actual 
exposure during one flight cycle, more than one tunnel run has to be con- 
ducted on the test model. 
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Fig.   1    Effect of multiple  re-entry on creep   (8j# 
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Fig.   2     Load-temperature  profile. 
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Fig. 3  Typical heat shield with support structure. 
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Fig.  4    Parameters for heat  shield design. 
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Fig. 5 Application fixed algorithm "1". 
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creep condition:   .003  in"1 

deflection criterion:   507, of  "one" 
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Fig.   6    Constant creep condition and deflection criterion 
at different attachments. 
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attachment:  clamped-clamped support 

Fig.   7    Constant creep condition and attachment« 
at different deflection criteria. 
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creep conditions:   .003 and   .000125 in"1 

attachment:   free-free  support 

8    Constant deflection criterion and attachments 
at  different  creep conditions. 

38 



mij^wj i pjWBffgyieappgEp^WjjWjBflippftPJ Bspa;| iiwiw'rirrav™.!!1«!!"^ qpn^ 1-7^-n--" »■ wrmi^yw.-jiir^jljlL_,WU (4,4Jf^n 

load  (psi) 

o il   !. 1 i\ 

\i>\ 
o 

on 

creep index  .0000025  in"1 

criteria "1":   f  =  .1" + .OIL 

,   „. 0' L » 1 ft = 12  inch 1 
i    1 ' W,\ p « 3,84 psi = 3.84 ///inch j aSSUmed 

It       \l|'oi'+     free-free  support: 

I !|i     \! ! \«'  M. tat"   req- 8 

o 
o 
ro 

'^c*    i,  EIstat.   req.  = PL%85f = l>950 #-inch' 

i' It1    -.l\ 

O   i       + 
tT>    I       T 

•H 
CVJ    ! 

O'I \ m 

\tt 

Mi   I ii 

V\ '■■, 

"0.50 1 .00 ] .50 2.00     length  (ft) 

Fig.   9    Quasi-elastic   case  at   low   creep index. 
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cross-sectional dimensions 
gage (g) 
panel thickness (t) 
(and geometrical details) 

D 
material properties 
modulus (E) 
density (§) 
creep stress level (■©) 
temperature (T) 
accumulated creep (c) 

optimization parameters 
bending strength (M) 
bending stiffness (ED 
normalized panel weight (W) 

Fig. 10 Materials concepts and assessment 
algorithm "2". 
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ij El = 6000 #-in2  (.005  in"1) 

Constant Weight #/ft2 

Fixed Deflection Criterion 

El = 6000 (.0025) 

El = 6000 (.001) 

El = 6000 (.0005) 
Fig. 12 Newton's interpolation. 

in (.005 in"1) 

90 (.0025) 

M = 80 (.001) 

Vs^ M ■ 70 (.0005) 

length 

Fig. 11 Creep index trade-off. 
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g  y 

Fig. 13 Square channel cross section. 

W(#/ft2) 

Big. 14 Net panel weights at different temperatures 

(fixed panel depth). 
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W (#/£t2) 

Fig.   15    Net and  support  weights  vs.   panel  length. 
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individual scale 
(dimension)     e 

2.5 
L  (ft) 

Fig.   16    Vanational   trends of proporties at  constant   panel depth. 
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individual scale 
(dimension) 

!iit; ;: 
material  and condition: 
Ti-7Al-12Zr 

„(temperature,   1100(F) 
.1 time,   1000(hrs) 

•£> (B) 

^> (I) 

Fig.   17    Variation«!   trends  <>i   properties at   constant 
creep and   stress   level. 
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(#/ft2) 

material:  Ti-6A1-4V sh»J.et 
temperature:   800 °F 
duration:   500 hrs 
panel   load:   .6 psi 
deflection criterion:   .470 of panel   length 
attachment:   free-clamped 

1.5 

I. 

4.5 

Fig. 18 Weight vs. panel length, comparison of constant 

stress and creep and constant pane1 depth. 
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weight 
#/sqft 

15. 

H-188 
1800 °F 

10.  ' 

100 cycles 
20 inch span 
clamped-clamped 
deflection crit.   "1" 

0. 

x L-605 
[5] 

0. 1. 
pressure   load    psi 

Fig.   19    Comparison of TPS weight; 
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Mo» alt.   [i-l Ta   [°F] Ts   [°P] 

2.3 75,000 295 355 

3.0 75,000 55C 650 

5.0 120,000 1850 1150 

Tab. 1  Adlabatic wall and stagnation temperature [ l] . 

support free-free free-clamped clamped-clamped 

cl -125 .125 .0833 

c2 .2078 .08649 .00625 

c3 .01302 ,OOj405 .002604 

Tab. 2 Elastic boundary constants. 

total deflection   [in 100% 50% 20% 

criterion "one" 

criterion "two" 

.1"+.12*L 

.24*L 

.05"+.06*1. 

,12*L 

.02"+.024*L 

.048*L 

(L « length in ft) 

Tab.   3      Criteria of  total deflection. 
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temperature 
L°F] 

max.   stress 
[ksi]   

40 

scatter of creep data  [in/in] 
static                I                cyclic 

.0061-.0131      I      .0038-.0053 

handbook data 
[in/inj 

.005 300 

350 14 .0017-.0031 .0007-.0021 .002 

500 18 .0047-.0058 
...... 

.0078-.Oil .005 

Tab. 4  Creep data for 2219-T87 aluminum [l2] 

r-           —■ 

temp. 

C°F] 
time 
[hr] 

stress 
[ksi] 

alloy ref, 

[25] 900 100 77 AF-1 

74 RMI  5621-S(A-forged) 11 

1000 

13 Ti-6-4 [26] 

[25] 72 AF-1 

66.5 RMI   562l-S(/3-forged) ii 

66.5 

65.5 

AF-2,   Ti-77 n 

II 1000 100 AF-1 

60 RMI  562l-S(/3-forged) it 

57 RMI 5621-S(«fl-forged) n 

55 AF-2,  Ti-77 H 

13 Ti-8Al-2Cb-lTa [10] 

1000 44 AF-1 [25] 

30 RMI   562l-S(/3-forged) It 

9 Ti-8Al-2Cb-lTa [10] 

Tab, 5 Creep strength (.2%) of titanium alloys, 
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static      constant temp/ jconstant stress/ 
conditions '   cyclic stress 'cyclic temp. 

number 
of tests 

scatter of 
creep data 

in/in 

average 
creep 

in/in 
.0021 i .0034 

.0011-,0029 ' .0028-.0039   I .0059-,0072 

.0065 

_L_ 

cyclic 
conditions 

9 i 

.0043- .0068 

.0058 

Tab.  6      Creep data for Ti-6-4 (STA)     [12]. 

material 
load   [psi]   or 
type of design 

max.   temp. 
t°F] 

unit weight 
C#/ft2j6 

Ti MSFC 600 1.05 

Ti .5 800 .72 

Ti 2. 800 .75 

Ti Phase  B 850 .8 

Re 41 MSFC 1300 1.95 

L-605 MSFC 1575 3.7 

Re 41 .5 1600 1.1 

Re 41 2. 1600 1.8 

Re 41 Phase B 1600 I. 

L-605 .5 1800 1.9 

L-605 Phase B 1800 3.65 

L-605 2. 1800 3.85 

Cb Phase B 2200 2.2 

Cb .5 2400 2.4 

Cb 2. 2400 4.05 

Tab.  7      Metallic heat  shield weights at  temperature [5], 
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max.  temperature 
[°F] 

temperature cycling 
adequate          inadequate 

stress 
adequate 

cycling 
inadequate 

iron-base    12Cr5Mo 1050 1350 9 ? 

FeA-18Cr8Ni 1150 1550 1500 1 

type 321  stainless 1200 1350 1500 1 

Ni-Chr steel  N155 ? 1500 1500 1 

iron-base A-286 1400 ? ? ? 

Tab. 9  Maximum temperatures for separate stress cyclic and 

temperature oclic prediction [i4] . 

.016" integrally stiffened skin 

.010" flat skin 

.010" single corrugation 

.008" skin plus corrugation skin 

.008" sandwich facings 

.002" sandwich corrugations 

Tab. 10  Minimum gages for L-605, McDonnell data. 

panel weight 
R.T.  ult.  bending strength 

1.25   [#/ft2] 
147    [#. in/in] 

dimensions: 
gag    thickness 
panel depth 
hat distance 
hat size at top 
hat size at bottom 

.008"  (.008")x 

.29"  (.5"+.l" bead effect) 
1.2"  11.") 
1,"  (.7") 
.85"  (.5") 

*panel No.   2 data   [8]    in pa rentheses 

Tab. 11 Design data for L-605 heat shield [7]. 
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APPENDIX 

DIMENSION   9<<O,Cl(18>,C?<i8),C3(18>,P(5>,PF(5),L(i0>,C(5,10>, 
lD(5,iO),:i(:>,iO>,tr(5,10),G<5,10),I(5,iO>,M(5,10),S(5,10),ST<5,10>, 
2W(5,10,u) 

^-AL   I,L,M 
CUD =.123 
C2(i)=.2973 
C3(l)=,01302 
C1(2)=C1(1) 
C2(2)=.Q8ö<*9 
C3<2)=.J0^H05 
31(3)=.0833 
C2(3)=.00o25 
C^(3)*.']02604 
DC   100   <K1=1,5 
KK2=3*KK1 
Cl(KK2*l)=Ci(1) 
C2(K«2+1)=C2(1) 
C3(KK2+1)=C3<1) 
C1(KK2+2)=C1(2) 
C2(KK2+2)=C2(2) 
C3(KK2+2)=C3(2) 
C1(KK2+3)=C1(3) 
C2(KK2+3)=C2(3) 

100 C3(<K2+3)=C3(3) 
180   R.AO   (5,105)   TITLE,TEMP,TIME,R,T , E, <K, JP, <l, NN ,-3 

IF   (E0F(5))    110,115 
105   FORMAT    ( AH, !?£8 . 2,1 2, 311, <*F3 .1) 

CR^tP   IQ,   FOR   TI-6AL-<4V   (MU-HD9K-EA) 
115   T^sT^HPfitbQ. 

T1=TE-917. 
T2=T£-975. 
TJ=TE-1047. 
Al=2758./Ti 
A2=105.8/T2 
A3=3.759/T3 
31=.0225-41 
32=.0159*A2 
•3 3 = -. 92^-03 
Cül=EXP(91) 
Cü2=£XP(32) 
CC3 = EXP(9J> 
C03=TIME**C03 
COl=.01*COl*CO3 
CT3=C02-l. 
T.MC=,555*(TEMP-32.> 
P(l)=.2 
P(l)=l. 
P«r(l)=28.8 
PF(1)=1^. 
00   120   J=2,JP 
P(J)*P<J-l)+»2 
°(J) =P(J-1) + 1. 

120   PFl J) =P C J)*I*»*». 
-    id»*.5  -- 
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00 125 <=2,<L 
125 L(K)=L(K-l)+.5 

DO 130 J=1,JP 
00 135 <=1,KL   -      

SENDING STRENGTH REQUIRED 
M(J,K)=C1(KK)*P(J)»(L(K>»12.)»»2 
GO TO (l,l,l,2,2,2,3,3,3,4,4,4,5,5,5,t,6,6)KK 

TOTAL ALL0WA9LE DEFLECTION 
1 D(J,K) = .1 + .12*L(K) 

GO TO 140 
2 Q(J,K)=.24*L(K) 
GO TO 1*0 

3 D(J,iO=.05*.06*L«> 
GO TO 1*0 

4 0(J,K)=.12*L(K> 
GO TO 1*0 

5 D(J,K)=.02+.024*L(KJ 
GO TO 140 

6 D(J,K)=.048»L(K) 
TOTAL STRAIN 
14 0   ST(J,K)=D(J,K)*T/(C2<KK) *(L(K)*12.) **2) 
STRESS   LEVEL   AND   CREEP   INTERPOLATION   (NEWTON) 

X0 = ST(J,O»E/1000. 
DO   145   JJ=1,100 
Y0=COl*X0**CO2*X0*10 0 0./E-ST(J,K) 
YP=COl*CO2»X0*»"O3+10 0 0./E 
Xl=XO-Y0/YP 
OX=X1-XO 
DX=ABS(DX) 
IF   (OX   ,LE.    .01)   GO   TO   150 
X0 = X1 

145   CONTINUE 
150   S(J,K)=X1 

C(J,K)=CC1*X1»*C02 
MOMENT   OF   INERTIA 

I(J,K)=.0005»K(J,<)*T/S(J,<) 
GAG£   THICKNESS   (SQUARE   CHANNEL   CROSS   SECTION) 

G(J,<)=1.714*1(J,<)/T**2 
SENDING   STIFFNESS   AND   ELASTIC   DEFLECTION 

EI(J,K)=I(J,K)*r 
F<J,K) = C3<KK)*P(J)ML(K)*12.)**4/EI(J»K) 

PANEL   WEIGHT   (NET   AND   WITH   SLFPOPTS) 
W(J,K,1)=432.*G(J,K)*R 
TO   15*   N=1,NN 

,1>*B(N)/LU) 155 
13? 
130 

160 

H(J,< •*(J,K,N) 
CONTINUE 
CONTINUE. 
W^ITE   (o,150) 
FORMAT    (//132H 

1">ES.LOAO   SIZE 
2V-.        SUPW 
3/IN.      PSF 

TEMPERATURE   TIM£ 
FX   TOTOFL     ELDEFL 

WGHT/132H   DEG.F   OIG.C 
PS1      FT      Ct<      IN. 

MATL   SPZWT ALWST £LMOO 
••C T •• 

H»S.      SYST   L9/CI      K3I 
IN. L3-IN IN»»4 

CR-ZEP 
OPH      "A 

PSI        IN. 
LB-SQI      IN 

00 

IN. LO/F 
165   N=1,NN 
170   J=1,JP 

L/5>-> 
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w,wi5 

WUT:   (6,175)    (TEMP,TLMC,TIMEf TITLE,R,S(J»K> ,i,C(J,K),PF(J)yP(J) , 
1L(K),KK,J(J,K),F(J,K),M(J,K),I(J,K),£I<J,K),T,G(J,,<),0<N), 
2W(J,K,N) ,K=1,KL) 

175  FORMAT   (IX, F5. Q,2F6. U, IX ,A4, F4.2 , 3t 8.2 tF*> .Ot 2F5« 2, IX, 12 , &t8. 2, 
1F5.2,E8.2,2F5.2) 

170   CONTINUE 
165  CONTINUE 

GO   TO   130 
110   STO° 

END 

T£MPERATUR£   TIME     MATL   SPZWT   ALWST £LMOü CREEP     PRES.LOAP SIZE 
3EG.F   DEG.C   HRS.     SYST   L3/CI      KSI          FSI IN./IN.     P?F PSI     FT 

800.     426.      500.   TI64   .16 .95E+02 .12E+08 .31E-01   1*»4. I.OQ      ,50 
800.     426.      500.   TI64   .16 .57E+02 .12E+08 .14E-01   lHi». 1.00 1.00 
800.      426.      500.   TI64   .16 .43E+Q2 .12E*08 .93L-Q2   144. 1.00 1.50 
800.      *+26.      500.   TIt4   .16 .34E+02 .12E+08 .686-02   144. 1.00 2.00 
800.      426.      500.   Tie t*   .16 .Z9E+02 .12E+Q8 .53E-02   14<*. 1.00 2.50 
800.      426,      500.   TIE *♦   .16 .25t+Ü2 .12E+03 .43L-02   144. 1,00 3-00 
800.      i*26.      500.   TIfc4   .16 .22E+02 .12E+08 .36L-02   14*». 1.00 3.50 
800.      «»26.      500.   TI64   .16 .20Z+ 02 .12E+08 .31E-02   144. 1.00 4.00 
800.      426.      500.   TI64   .16 .19E+02 .12E+08 .27E-02   it^, 1.00 4.50 

FX   TOTOFL      ELDEFL           "H"             "I"             "£I" OFTH     GAGE SUFW WGHT 
CR     IN.             IN.             LB-IN IN»*4 LB-SQI      IN.         IN. LB/P L/SF 

5   .12E+00   .25c-01   .45E+01 .24E-04 ,28t>03 1,00   .40£-0<< COO      .00 
5   .24E+00   .60E-01   ,18£+02 .16E-03 .19E+04 1.00   .27E-Ü3 0.00      .02 
5   .36E+00   .99E-01   .40L*02 .48E-03 .57E+04 1.00   .82E-03 COO      .06 
5   .48E+00   .14E+QQ   .725*02 .10E-02 .13E+05 1.00   .18E-02 0.00      .12 
5   .60E + 00   .19E + 00   .11E+Q3 .19E-02 .23E + 05 1.G0   .33E-02 COO      .23 
5   .72c*00   .24n*00   .16E+03 .32E-02 .38E+05 1.00   .55E-02 0.00      .38 
5   .64E + 00   .29E+00   .22E+03 .49E-02 .59E+05 1.00   .84E-02 0.00      .58 
5   .96E + 00   .34&+Q0   .29E+Q3 .71E-02 .35E+05 1.00   .12E-01 COO      .84 
5   • 11E+01   .39E+00   .36£*03 .c;8E-02 ,12E*06 1.00   .17E-01 COO 1.17 
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100 

110 
105 

115 

125 
120 

130 
220 
135 

mo 

155 
150 
1**5 

165 

180 

18' 

INTF.Ci 
R£AL 
CCHhC 
Com) 
COMMO 
rcpK 
c Ü M K J 
CCPPG 
CCMMO 
CIPL'N 
CALL 
Ml> = 
CO 10 
M(I) = 
CO 10 
CC 11 
K=c*( 
Kl = c» 
P ( K 1) 
COM! 
E. J (1) 
CO 11 
LJ(J) 
CO 12 
CO 12 
K=c*( 
Kl = <=» 
FJ(K1 
CONTI 
FRLCA 
CO 13 
F^LCA 
STAC 
FCK'fA 
kRITr 

FORM 
HGHT = 
GO 1, 
CO 15 
CO 1^ 
KNM(I 
CONTI 
COMI 
CO l'i 
CO lb 
NN(N, 
TF (K 
CO if 
CO H 
NNFF: 
co n 
CALL 
CALL 
CONTI 
CO    14 

M 
N 
N 
N 
N 
N 
N 
N 

DATA 
/PLK 
/9LK 
/f?L< 
/9LK 
/nLK 
/1L< 

SI ON   H 
FLOTS 
.01 
O   1=:-?, 
M(I-l) 
5   1=1, 
0 J=l, 
I-1>*J 
1 + J 
=M(K)* 
NUE 
= 1. 
5 J=2, 
=tJ(J- 
0 1=1, 
5 J=l, 
I-D+J 
1 + J 
)=EJ(K 
NU17 

2(1)=. 
0 P = 2, 
2(P)=. 
(5,135 
T    ( 3 -. 3 
(f, 1- 

T (1H1 
HGHT», 
5 K=t, 
0 N=l, 
i? 1 = 1, 
,N,»<) = 
NUr" 
NUC 

0 K=l, 
5 h=l, 
K) =0 
.to. 

5 1 = 1, 
0 M=l, 
«( N)=N 
5   J=l, 
ILAPL 
ZfRM 
NUf 
0 N=t, 

(603) 
1/ CP.RAT£,TIMF,HG,-IT,M72), ÜJ(72) ,PRLOA2(10) 
2/ DFMA(«*,in,3) 
3/ ZMU,J) 
k/   X(700,%,2),Y(7ü0,f>,2) 
?/ f*N(F,2> 
6/ NNN(72,6,2> 
NPRFV(b) 
(CATA,S03) 

01 

10. 

q 
i) + i. 
7 
G 

)*in. 

L0A2(-:>-l) 
RAfz,TIM£,HGHT,KfhDFL 
1) 
RPAT'!,TIME,HGHT 
X , 3. ? ) ) 

10 
F+PF 
) CF 
.2,1 
0) C 
,3(3 
5 
2 
6 
72 
0 

2 
fc 

2) GO TO 170 
72 
P. 

MN,K) 
72 
(I, J) 
<K) 
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;T^ »«T"*?»t gHtH 

19 0 
179 

17 0 

200 

20- 

210 
195 
160 

215 

KNN U,'J,K) =MN' < ^ » K) - -4' 4 P -^ - V( J) 
CONTINUE 
IF    (K   ,:1.    1)    CO   TO   IM 
TQ   H5   J=l,7 2 

rn 2 90 N=tte 
KNF-R :V(N) = NMN,<) 
CO   2)<5   1 = 1,72 
CALL   :LflPL   <I,J) 
CULL Z: KM  (*) 
COKTINUT 
en 2io »i=i,e 
NNN (J, N»i<) =NN (h ,K)-'4.4P3 V (N) 
C ON TI NU-7 
CONT[N'Jr 

CALL GSPM 
IF (K-.NDPL .ML. 1) GO TC 215 
CALL PLOT-! 
CC TO 220 
cNP 

100 

10' 

IN 
RE 
CC 
CO 
CI 

1TO 
2PL 
Lt 
C 
L£ 
CO 

CTHEF 
CF 
CF 
CF 
CF 
CO 
PP 
i L 
PL 
TO 
CF 
CF 
CC 
F^ 
EL 
FL 
TO 
CF 
Or 
rn 
pa 
rL 
FL 

lid 

115 

PfiCUT 
TF.:,rR 
AL M, 
P *CN 
KfCN 
P .=. N SI 
TCFK 
ACF2( 
N&T 1( 

13 ) 
KGTK 
1JB 

CCFLc 
CR1K 
CR1K 
CR2K 
CK2K 
110 
LCAK 
ACPK 
ACFK 
TCFK 
HA< 1, 
NM2, 
11^ 
LCÖK 
ACFK 
A CFl( 
TCFK 
i'Ml, 
f"A(2, 
12 0 

LCAK 
ACFK 
ACFK 

IN 
F 

L;. 
/I 
/? 
ON 
10 
10 
t) 
L = 
L) 
L = 
FT 
LI 
L) 
L) 
L) 
L = 
L, 
Li 
L, 
L, 
L, 
L, 
L = 
L, 
L» 
Li 
L, 
L, 
Li 
L = 
L, 
L, 
Li 

-    LLAFL    (IiJ) 

v|rTl|LcN,r»T2 
L<1/   Cr'C!\T :,TIMr ,HG IT.M72) , -.J (72) ,cRLOA2( 10) 
LK2/   CF^AU, 10,3) 

LL>~T1(10) IPRLCAKIOI 3) ,'tLADFK 10,3) , FLAOFK 10,?), 
, 3)|OFCR11(10) »PFCR2K 10), L: NGT2C 10,3) ,:LADF2 (10,3) , 
, 5) ,TCTCF2(H1,3) ,0FCR12'. 10 , 3 ) , CFCR22 (1 0, 3) 

10 
5 + U 
in 
N   CF 
l + .l 
?*HF 
2<«*L 
2»DF 
10 
= «.♦ 

= .01 
= .10 
= I:LA 
= I.- 
= i.~ 
10 
sPFL 
s.OO 

= 'LA 
= 1.- 
= i •   ~ 
10 
:FPL 
= .0 0 
= .0 3 

NGT1 ,i.-l) 

ITiKTON 
2'LtN3Tl(L) 
Cp 11 ('.) 
JGTl(L) 

C&2KL) 

M<I>/(LiNCTl(L)»12.)**2 
3 020<n»PRLCAKLi DML-^GTl (L >•!»•> »»«»/SJCJ) 

«♦ 1 6" 6.' »C^F AT ■:• T 11"_» (Ll NG T 1 ( L ) * 12 .) " 2/H&HT 
3Fl(Li 1) +-FLA )Fl(Li 1) 
TCTOFt(L,1)/OFCK11 (L) 
TOT^Pl (L,1)/0FCK21 (L) 

CAKL,1) 
«*»05"il*i»Kl.OA1 (L,?) ML-INGT1 (L)*12.) +*'-*/ZJ{J) 
32^32-»»CPF AT:*TI^I*(L-NGT1(L)*12.) »»2/HGHT 
OFKL, ?) +FLA1F1(L,2) 
TCTOF1(L,2)/0FCRli(L) 
TCT.TF1 (L.,2)/ )FOP21(L) 

OA1 (LiJ)*1.5 
2f,3ul7»PPLCAl(L, 3) '(L-NGTKL)*12.)»**♦/£J(J) 
125»C   PiTt*T!H-.* !Lrh.GTl(L)'12.) * e2/HGHT 
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WPW ifML! Ift,« ww« 

120 

TO 
CF 
CF 
CO 
L 
Lc 

CTHER 
TF 
CF 
CF 
CF 
EL 
FL 
TO 
CF 

125 CF 
CO 
I 

OTHER 
CF 

130 

CF 
CF 
CF 
cL 
FL 
TO 
CF 
CP 
ro 
L-: 
LE 

CTHEF 
CF 

CF 
CF 
EL 
FL 
TO 
CF 

135 CP 
R 
FN 

TCFKL, 
*A(1,L, 
KA(2,l, 

125 P = 
NGT2(P, 
NGT2(P, 
DEFLECT 
CR12(P, 
CR12(P, 
CR22(P, 
CR22CP, 
AGF?(P, 
A0F2(P, 
TCF2(P, 
KA(3,P, 
MA(<4,P, 

130 P = 
NGT2(P, 
DEFLECT 
CR12(P, 
CR12(P, 
CR22(P, 
CR?2(P, 
ADF2(P, 
ACF2(P, 
TCF2(P, 
HA(3,P, 
PAU,P, 

13= P = 
NGT2(P, 
NGT2CP, 
CüFL:CT 
CR12(P, 
CR12(P? 

CR22(P, 
CR2 2(P, 
ACF?(P, 
flCF2(P, 
TCF2(P, 
MA(3,P, 

TIRN 
r 

i)=FLA 
3)=1.- 
3)=1." 
It 10 
1)=«.* 
1)=SQF 
ION CR 
1)=.1+ 
1)=.2* 
1)=.02 
1>=.2* 
1) =.01 
1)=.10 
1)=£LA 

1)=1.- 
1,10 
2) = LEI^ 
ION CR 
2)=. 1 + 
2)=.2* 
2)=.02 
2)=.2* 
2) =. 0 G 
2) = • 0*4 
2) =rLA 
2) = 1.- 
2)=1.- 
1,10 
3)=12. 
3)=SOR 
ION CF 
3)=. 1* 
5) =.2» 
3) =.02 
3)=.2» 
3)=.00 
3) =.02 
3) = CLA 
3) - 1. - 
3) =1.- 

0F1(L,3) ♦PLA'lFi(Lf3) 
TCT'JFl iL,3)/3FCRll(L) 
TCTDF1(L,3)/0FCR21(L) 

M(I)/PRLOA2(P) 
T(L£NGT2(P,l) ) 
ITERION 
.OI*L-:N'-.T2 (P,D 
0FCR12(P,1) 
*LENGT2{<*,1) 
DFCR22(P,l> 
3n2033*PRLCA2(P)*LEKGT2(F,l>*»l*/EJ(J) 
i4l66^r*CRPAT£*TI^E*LENGT2(P, 1)**2/HGHT 
0F2(°, l)+FLADF2(F,i> 
7CT0F2(P,1)/3FCR12(P»1)         
TGTÜC'2 (P,1)/DFCR22(P,1) 

GT2(o,l) 
ITERION 
.G1*LNGT2(P,2) 
0FCR12(P,2) 
*LENGT2(P,2) 
0FCR22(P,2) 
5^05*d*PRLCA2(P>*LEN&T2-<P,-24-*-*4y&J-U->- 
32^32»*CPRAT£*TI^E*L£NGT2(P,2)**2/HGHT 
GF2C3, 2>+FLAOF2(F,2) 
TCT0F2 <P,2)/DFCR12(P,2) 
TCTQP2(P,2)/OFCR22(P,2) 

*M(I)/PRLGA2(P) 
T(L£N,T2(P,3>) 
ITERION 
.01*L.NGT2(P,3) 
0FCP12(D,3) 
♦LINGr2<F,3) 
^FCR22(°,3) 
25T4lf*PPLCA2(P) *LENGT2(P,3)***»/EJ(J) 
12 5»C!»ATE»TIME»L£hGT2 (F , 3)*»2/HGHT 
CF2(P,3)+FLA1F2(F,3) 
TOTDF,? (P, 3)/!lFCR12(P,3) 
TCTOF'(P,3)/DFCR22(F,3) 

10^ 
100 

SIJP»0IJTINE   7rRM   <K> 
COUPON   /°L<2/   CF^AC*, 10»?) 

/QLK3/ 
/"LKW 
/9L<5/ 
11 = 1, t* 
JJ=1,3 

). 

ccrrnu 
CGPfCN 
COMMON 
co no 
CO    105 
ZM(II,JJ) 
COMINUr 

co  no  II = I,k 
TO   115   JJ=i,3 

ZPU, 3) 
X (700,0,2) ,Y<7l)0,6,2> 
NN(6,2> 
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IF (OFfA(II,l,JJ) .11", .0) SQ TC 120 
CC 125 <K = -2,10 
IF ('JFMA(IXiKKtJJ) .i-T. .0) 50 TO 133 
CCNTINUr 

GC TO 115 
ZM(II,JJ)=.?*FL0flT(K<-l) + .t^HFMA(II,Ki<-l,JJ)/OF»iA(II,KK-i,JJ) 
l-DF^A(II,<K,JJi ) 
GO TO 115 
CO 135 KK=2,10 
IF    CQFPA(II,KK,JJ>    ,JT.    .0)   50   TC   1*0 
CONTINUE 
GC   TO   115 
ZMUIiJJ) s.5»FL0ATt«-l)-.i>*0FMA(II,KK-l,JJ)/(0FMA(II,KK,JJ) 

l-DFf4(IXr«-l»JJ>) 
CONTIMU- 
CONTINUE: 
CO 1*5 11=1,2 
CO 150 JJ=1,3 
N=(II-1)»3+JJ 
IF   (ZM(II,jj)*zn<II*2,JJM 

160   NN(N,<)=NN(N,K)+1 
X K = t r J ( K , K ) 

X(KK,N,K)sZM(H,JJ) 
Y(K«,N,<) sZK(H + 2,JJ) 

150   CONTINUT 
l*t5   CONTINUE 

CITL^N 
ENC 

125 

130 

120 

135 

iun 

115 
110 

150,150,160 

«U^POUT 
CONDON 
COUPON 
cc^riN 
CIMcNSI 
CIPENSI 
CAT A 3y 
CATA 3L 
CATfl 6L 
TATA m 
CATA PL 
DATA 9L 
CATA % 
CATA 3L 

NUMBER CF P 
CO 100 
CALL FL 
CALL AX 
CALL AX 
CALL FL 
CALL FL 
CALL PL 
CALL PL 
CALL FL 
CALL PL 
CALL   °L 

IN^ GPP* 
DATA(603) 
/°LK<4/ X(7 
/9K6/ NNN 
ON XX(72), 
ON »X-AX(2-> 
AX(1)/12HL 
<1,1)/6H F 
(1.M/6H / 
(1,7>/6HT. 
(2,3)/6H S 
<?,o)/6Hc.F 
(3»21/6HD- 
<<»,7)/6HT. 
LOTS N=l,6 
N=l,6 
OT (O.,0., 
IS (0.,1., 

(0. ,1., 
(Q.,2., 
(9.,2., 
(9. ,<«., 
(0. ,*-., 
( 0.,6 ., 
(9.,6., 
(<=.,£., 

IS 
OT 
OT 
OT 
OT 
OT 
OT 
OT 

00, uf 2 
(72,6, 
yy {/?.) 
,evAX( 
ENGTH 
REE-/, 
CR-/, 
1     /, 

UCP0/, 
L.   0/, 
CLAt/, 

?     /, 

-3) 
•?XAX,- 
BYAXfl 
3) 
2) 
3) 
2) 
3) 
2) 
3) 

) , Y ( 7 0 0 , 6 , 2) 
2) 

?> j^L-*H 7) »DUO» 7)  
(FT) /,BYAX(1) /12H LCAD (?SI) / 
BL(l,2)/fcHFRES S/,3L (1,3)/6MUPPCRT/ 
EL (1,5)/6H€P QEF/,eL<lf6)V6HLT 0*1 A 
BL (2,l)/6^FREfI-C/,3L(2,2)/6HLAHPEü/ 
PL (2i«»)/bHRT / C/,BL (2,5)/6HREEP C/ 
3L (2,7>/6HRIT. 1/,3L (3,1)/6HCLAMPE/ 
BL (3,3)/6HFEO SU/,BL (3,k)/6HF. / C/ 
?L (5,7)/bHRIT.    2/ 

12,9.,0.,.5,,5 ,10.) 
2,9.,90.,.5,.5,10.) 
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n-iiju. iqpuiiiiw.wwjw^iw»^. 

11« 

12 0 

110 
105 

130 
125 

CALL 
CALL 
CALL 
CALL 
CALL 
CALL 
CALL 
CALL 
CALL 
CALL 
CALL 
CALL 
CALL 

13! 

1*0 

100 

PLOT 
PLOT 
PLOT 

PLOT 
PLOT 
CLOT 
PLOT 
PLOT 
PLOT 
PLOT 
PLOT 
PLOT 
PLOT 

CO 105 K= 
JSTA*T=0 

CO 110 II 
IF (NNN'd 
JKN=NNN(I 
TO 115 JJ 
JJACJ=JST 
>X (WJ) = X( 
YY(JJ)=Y< 
XX (JNN+1) 
XX(uNN+?) 
YY (JNN+1) 
YY (JNN+2) 
JSTA^T=JS 
IF (K ,t«l 
CALL LIMr 

IF (K ,ro 
CALL OASH 
COM I NU r 

CONTINUE 
CALL PL"T 
CO 1?5 KK 
CO 130 LL 
PL <KK+3,L 
CONTINUE 
CO 135 LL 
PL(2,LL)= 
FL(*,LL>= 
<"L(5,LL> = 
EL(e,LL<= 
nL(3,7)=1 
CUE,7) =5 
CO 1*0 <« 
PLAPUK> = 
CALL 3YP° 
CALL PLOT 
CONTINUE 
i:rTL^N 
LNl"' 

(0. 
(0. 
<Q. 

(9. 
(7. 
(7. 
(5. 
(5. 
(3. 
(3, 
(1. 
(1. 
(0. 

1,2 

P.,2) 
10. ,3) 
10,,2) 
l.f ?) 
l.,3) 
10,,2) 
10.,3) 
1 . ,2) 
l.,3) 
10.,2) 
10.,3) 
l.,2) 
l.,-3) 

= lf 

IiN 
IiN 
= lt 
ART 
JJA 
JJA 
= .5 
-. c 

TAR 
. 2 

(X 
. 1 
LN 

72 
><> 
»<) 
JNN 
+ JJ 
CDfN,<) 
D3fN,K) 

3,   0)   GC  TO   110 

T + JNN 
)   GC   TO   120 
X,YY,JNN, 1,1,3) 
)    GC   TO   110 
(XX,YY,JMN,1) 

( 0. ,-1 . ,-3) 
= 1,3 
Sl, «4 

L) =<nL <KK,LL> 

3L(2,LL) 
<3u(l,LL)   
3L(?,LL) 
1L(2,LL) 
L(2,7) 
L(E,7) 
= 1.7    
lL (N,KK) 
OL   (1.75,0., .15, ELA<3,0.,*2) 

(1?. ,0.,-3) 

♦ 0.30i-2*l.00 i-+D*-l.001*01 
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